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Re´sume´
L’objectif de ce travail est de mettre au point une technique de se´paration de nanopar-
ticules de milieux liquides. L’e´tude bibliographique a montre´ l’e´tendue potentielle du
proble`me environnemental et a de´gage´ une proble´matique industrielle imme´diate, celle
du rejet de nanosilice. Des tests de se´paration par flottation sont mene´s sans additif, en
pre´sence de AlCl3, de CTAB, et en tentant de modifier la charge de surface des bulles.
Ces essais ne sont pas tre`s concluants. La flottation a pu eˆtre observe´e, mais uniquement
quand l’additif a conduit a` la cre´ation de flocs qui ont, eux, e´te´ flotte´s. Les re´sultats
des tests avec additifs ont montre´ que l’interaction entre l’he´te´rocoagulation (flottation)
et l’homocoagulation est tre`s importante, conduisant a` l’e´tude de la coagulation sous
l’effet d’AlCl3, puis du CTAB. Les re´sultats ont mis en e´vidence des me´canismes de
coagulation complexes, car la taille des particules joue un roˆle important. Pour chaque
phe´nome`ne observe´, un me´canisme a e´te´ propose´, en essayant de relier les observations a`
la mode´lisation des me´canismes d’agre´gation. Du point de vue du proce´de´ de se´paration,
la coagulation, suivie d’une se´dimentation, permet de se´parer les nanoparticules de silice
avec une efficacite´ remarquable (diminution de 99% de la turbidite´).
Mots cle´s : Se´paration de nanoparticules, Flottation, Bulle, Additif, He´te´rocoagulation,
Homocoagulation, La taille des particules, Coagulation
Abstract
The objective of this work is to develop a technique for separating nanoparticles from
liquid media. The literature has shown the potential hazard of nanoparticules and a large
quantity of the nanosilica release has been entering in water resources. Tests flotation
separation are carried out without additive, in the presence of AlCl3, CTAB, and
trying to change the surface charge of the bubbles. These tests are not very conclusive.
Flotation has been observed, but only when the additive has led to the formation of
flocs which have themselves been floated. The results of tests with additives showed
that the interaction between heterocoagulation (flotation) and homocoagulation is very
important, leading to the study of coagulation under the effect of AlCl3 and CTAB. The
results revealed complex mechanisms of coagulation, because the particle size plays an
important role. For each observed phenomenon, a mechanism has been proposed, trying
to link the observations to modeling mechanisms of aggregation. From the standpoint
of the separation process, coagulation followed by sedimentation to separate the silica
nanoparticles with remarkable efficiency (decrease of 99% of the turbidity).
keywords : Separating nanoparticles, Flotation, Additives, Heterocoagulation, Ho-
mocoagulation, Particle size, Coagulation
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Notations
Latin letters
A Hamaker constant (-)
Aii Hamaker constant for material i in vacuum (-)
Aij Hamaker constant for two materials i and j in vacuum (-)
a Particle or bubble radii (m)
ab Bubble radius (m)
ak The complex function of light wavelength in Mie scattering (-)
ap Particle radius (m)
bk The complex function of light wavelength in Mie scattering (-)
C0 Concentration calculated from turbidity before flotation (-)
Cf Concentration calculated from turbidity after flotation (-)
Cc Concentration calculated based on dilution effect (-)
C1, C2 The inner and outer layer capacitance in electrostatically charged regions
(F·m2)
ci The ion concentration (mol·m−3)
D Separation distance between two particles (m)
d The geometric mean size (m)
di Diameter of particle i (m)
d32 The average diameter based on unit surface area of a particle (m)
d43 The average diameter based on unit volume of a particle (m)
db The bubble diameter (m)
dp The particle diameter (m)
E The removal efficiency (-)
Ea The attachment efficiency (-)
Ec The collision efficiency (-)
Ed The detachment efficiency (-)
e Electric charge (C)
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Fhydrophobic Hydrophobic force (N)
FvdW Van der Waals force (N)
f1 The Keesom (orientation) interaction between randomly oriented dipoles
(N)
f2 The Debye (induction) interaction between a randomly oriented dipole
and an induced dipole (N)
f3 The London (dispersion) interaction between a fluctuating dipole and an
induced dipole (N)
G The diffusion coefficient (m2 · s−1)
h Separation distance between a particle and a bubble (m)
hcr Critical thickness hcr of water film (m)
I ′ The ionic strength of solution (mol·L−1)
I or I0 Light intensity (-)
I(θ) Scattering intensity from a spherical particle illuminated by incident light
in Mie theory (-)
J1 The first Bessel function (-)
K or K∗ The pre-exponential constants of the hydrophobic force (-)
Kh The Henry constant (mL·L−1·atm−1)
Ksp The equilibrium constant of solubility (-)
Kω The equilibrium constant for water electrolysis (-)
kij The rate constant of a reaction (nm·S−1)
kfast The rate of change in size in the diffusion-limited regime (nm·S−1)
k′ The rate of change in size in the reaction-limited regime (nm·S−1)
kB Boltzmann’s constant (1.381× 10−23 J·k−1)
M Molarity (mol·L−1)
N Total number of particles (-)
Nb The number of bubbles (-)
Np The number of particles (-)
Np/b The number of particles captured by one rising bubble (-)
n The refractive index of the particle (-)
ni The number of particles (-)
ni(∞) The number per unit volume of electrolyte ions of type i (-)
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p The air pressure above the water (atm)
R Two spheres center-to-center distance (m)
r The characteristic dimension (m)
ri The radii of the aggregates (m)
S Total surface area of particles (m2)
Sb The surface area of one bubble (m
2)
Si The unit surface area (m
2)
S ′p The maximum cross-sectional area of one particle (m
2)
T The temperature (K or ◦C)
T0 Turbidity measured before flotation (NTU)
Tf Turbidity measured after flotation (NTU)
ts Particle sliding time (collision time) (s)
ti The induction time (s)
UE Electrophoretic mobility (m
2 · s−1 · V−1)
V Total volume of particles (m3)
VA Van der Waals interaction energy (J)
VA(h) Van der Waals interaction energy between a particle and a bubble (J)
VR Electrostatic interaction energy (J)
VT Total interaction energy (J)
Vi The unit volume (m
3)
Vmin The minimum bubble volume required to capture all the particles (m
3)
Vdissolution The volume of air dissolved in water (L)
Vwater The volume of pressurized water (L)
W The stability ratio (-)
zi The valence of electrolyte ions (-)
Z Particle diffusion coefficient (-)
23
Notations
Greek letters
β The aggregation rate (-)
Γ The coverage factor of bubbles by silica nanoparticles (-)
ε0 The permittivity of vacuum (8.854× 10−12 C2 · N·m2)
ε The relative permittivity of water (80)
ζ Zeta potential (V)
κ Debye constant (m−1)
µ The solvent permeability (1.257× 10−6 H·m)
λ The wavelength (m)
λ′ or λ∗ The decay lengths of the hydrophobic force (m)
η The viscosity of the medium (Pa·s)
φ Volume concentration of particles (-)
ω Mass concentration of particles (-)
ψi The interfacial potential of layer i (V)
σi Charge density (C·m−2)
τ i The relaxation time of turbulent flow (s)
τ j The Kolmogorov timescale (s)
υ The kinematic viscosity (m2 · s−1)
σ The kinetic energy dissipation rate (m2 · s−3)
θ The scattering angle (◦)
pik The function of cosθ in Mie scattering (-)
τk The function of cosθ in Mie scattering (-)
Dimensionless numbers
Stt Stokes number of turbulent flow
Re Reynold’s number
f(ka) Henry’s function
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Introduction
It would be naive to imagine that the emerging nanomaterials industry will not leave
unforeseen and undesirable traces on our environment. To minimize these impacts,
environmental engineers and scientists should be actively engaged in ensuring that this
industry is conceived from the outset as a system with global consequences that begin at
the molecular scale (Wiesner and Bottero, 2007).
Force est de constater que cet avis e´claire´ sur ce que devrait eˆtre en ce de´but de
21e`me sie`cle un de´veloppement durable d’une activite´ industrielle nouvelle n’est pas
suivi d’une mise en œuvre a` la hauteur des enjeux. De nombreux nanomate´riaux, en
particulier des nanoparticules, sont sur le marche´, dans nos trousses de toilette, nos
sacs a` main, nos sacs de sport ou de plage. A la date ou` ces lignes sont e´crites, aucune
re`glementation spe´cifique n’est active et, par rapport aux sommes engage´es pour les
nanotechnologies, les investissements dans les e´tudes de toxicologie restent faibles, ceux
dans les domaines de la reme´diation des pollutions et de l’e´tude des cycles de vie, encore
plus faibles. Mais ils ne sont plus inexistants, ce qui est le signe d’une prise de conscience
et de l’impact des de´marches des associations de protection de l’environnement, mais
aussi, dans le domaine du traitement de l’eau, des scientifiques.
Le Laboratoire d’Inge´nierie des Syste`mes Biologiques et des Proce´de´s s’est associe´
au sein de l’INSA de Toulouse au Laboratoire de Physique et Chimie des NanoObjets
pour de´buter une premie`re re´flexion qui a abouti au de´poˆt d’un projet de recherche
aupre`s de la Re´gion Midi-Pyre´ne´es en 2007, associant l’Institut de Me´canique des Fluides
de Toulouse, et des acteurs industriels, comme FREESCALE et la start-up NANOMEPS.
C’est dans ce contexte local qu’a de´bute´ ce travail de recherche, finance´ d’une part par
la Re´gion Midi-Pyre´ne´es, le CNRS (PEPS, Projet Exploratoire PluridisciplinaireS), puis
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l’ANR (programme PRECODD NANOSEP), et, d’autre part, par l’attribution d’une
bourse de Doctorat par le China Scholarship Council dans le cadre d’un programme
entre le CSC et les Universite´s Technologiques Franc¸aise et les INSAs.
L’ide´e de base est de commencer a` re´fle´chir a` des technologies susceptibles d’e´liminer des
nanoparticules de “milieux liquides”. Par milieux liquides, nous devons entendre d’abord
des “effluents aqueux industriels ou domestiques”, car c’est a` la source qu’il faut agir au
plus vite pour e´viter les disse´minations. Mais, si cette e´tape de de´pollution n’est pas
mise en œuvre rapidement industriellement, nous devrons aussi entendre “ressources en
eau pour notre utilisation domestique”. Il s’agit donc de la premie`re e´tude sur ce sujet
mene´e au sein du LISBP, phase d’apprentissages et de de´veloppements accompagne´s par
nos partenaires scientifiques pre´-cite´s.
Le monde des nanoparticules n’est pas encore familier pour les scientifiques du
ge´nie de l’environnement. Le premier chapitre commencera par une large introduction
dans cet univers, portant tant sur les merveilles qu’il nous promet que sur les dangers qui
sont suspecte´s. Ce chapitre permettra de justifier le choix de la nanosilice comme sujet
d’e´tude. On verra que ce choix, dicte´ par un ve´ritable proble`me d’effluent industriel,
n’est pas force´ment le plus simple pour de´buter un travail sur des nanoparticules, car la
silice a un comportement assez complexe en suspension. Mais il s’agit aussi d’une bonne
immersion dans les proble`mes scientifiques que posent re´ellement les nanoparticules. Ce
chapitre montrera e´galement une revue de la litte´rature portant sur la se´paration des
nanoparticules.
Le chapitre 2 met en place les diffe´rentes techniques d’analyse physico-chimique
ne´cessaires a` l’e´tude (mesure de taille, de concentration, de potentiels de surface) qui
ont e´te´ longues a` apprivoiser et a` maitriser.
L’objectif e´tait de travailler a` la mise en œuvre d’une se´paration par flottation.
C’est a` la fois un choix arbitraire, car d’autres proce´de´s auraient pu eˆtre se´lectionne´s
comme il sera expose´ au cours du chapitre 1, et aussi une suite logique de travaux
pre´ce´dents mene´s au LISBP en collaboration avec l’IMFT sur les me´canismes de capture
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de micro-particules par des bulles. Le travail mene´ re´ellement sur la flottation est
finalement restreint par rapport au souhait initial. Une part plus importante a e´te´ mene´e
sur les me´canismes d’agre´gation. En effet, le proce´de´ de flottation ne´cessitant l’emploi
d’additifs qui modifient les interactions de surface entre bulles et particules, deux additifs
sugge´re´s par la litte´rature (Al3+ et le CTAB) ont e´te´ teste´s. Or, leur effet s’est ave´re´
important e´galement sur les interactions entre nanoparticules, et il a e´te´ observe´ une
compe´tition entre flottation et agre´gation, autrement dit entre he´te´rocoagulation et
homocoagulation. C’est ce que montre le chapitre 3.
Le chapitre 4 est donc consacre´ a` l’e´tude de l’influence des additifs, en particulier
sur l’homocoagulation. Les deux additifs sont teste´s successivement. On verra au
passage que l’agre´gation peut eˆtre un proce´de´ efficace pour la se´paration de la nanosilice.
Cette e´tude a de´bute´ en pleine e´mergence en France d’inquie´tudes le´gitimes quant
a` la manipulation de nanoparticules, assorties de recommandations tout a` coup dras-
tiques, et parfois inadapte´es aux manipulations de nanoparticules en suspension en
laboratoire de recherche. Comme des quantite´s importantes de nanoparticules doivent
eˆtre manipule´es pour des essais de flottation, il a alors e´te´ de´cide´ de construire une
installation spe´cifique, de petite taille. Mais son de´veloppement, son financement, et
l’adaptation des recommandations de se´curite´ ont de´cale´ dans le temps sa re´alisation. Il
a donc e´te´ de´cide´ de ne pas inclure de travail sur cette installation dans la cadre de la
the`se. L’installation expe´rimentale sera brie`vement de´crite dans le chapitre 3, apre`s les
premiers tests de flottation mene´s en flottatest classique.
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Nanoparticulates — applications,
hazards and managements
La recherche en traitement des eaux et des effluents a porte´ jusqu’a` maintenant sur des
milieux ou` les nanoparticules naturelles e´taient certainement pre´sentes, mais aucune at-
tention particulie`re ne leur e´tait porte´e. Compte tenu de leur faible volume, ces dernie`res
e´taient certainement prises en compte dans la masse des particules submicroniques pour
lesquelles des proce´de´s de coagulation, associe´s a` de la floculation et de´cantation, a` de la
flottation ou a` des filtrations membranaires permettaient une se´paration juge´e suffisante.
Avec l’arrive´e des nanotechnologies, deux choses ont change´ :
• des nanoparticules sont cre´e´es par l’homme, avec des objectifs tre`s divers ;
• il apparait clairement que ces nanoparticules pre´sentent un risque pour l’homme et
la nature.
Ces deux changements focalisent maintenant l’attention. Ces nano-objets sont nouveaux
pour les chercheurs de Ge´nie de l’Environnement. Ce premier chapitre rassemble dans
les trois premiers paragraphes des e´le´ments de connaissance sur les nanomate´riaux, les
nanoparticules et leurs actuelles ou possibles applications, puis sur les dangers potentiels.
Ces trois parties ne sont pas essentielles a` la compre´hension scientifique du travail mene´
ici, mais ont e´te´ ne´cessaires pour en cerner les enjeux. En particulier, l’objectif principal
est de cibler les nanoparticules qui pourraient eˆtre inte´ressantes pour commencer a` tra-
vailler sur leur se´paration, en lien avec un ve´ritable proble`me industriel. La litte´rature
pre´sente tre`s peu de travaux portant sur le de´veloppement de proce´de´s de se´paration
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de nanoparticules contenues dans des effluents liquides : ils font l’objet du 4e`me para-
graphe. On constatera qu’il n’y a pas de re´volution annonce´e dans la fac¸on d’aborder
le proble`me : les tests portent sur des proce´de´s connus, efficaces pour d’autres situa-
tions (coagulation-flocculation-se´dimentation, e´lectrocoagulation, flottation, filtration).
Il est tre`s vite compre´hensible que le de´veloppement de proce´de´s et l’ame´lioration des
efficacite´s de se´paration passent par une meilleure connaissance du comportement des
milieux colloidaux que sont les suspensions de nanoparticules. La partie 5 de ce chapitre
rassemble les connaissances de base ne´cessaires a` la compre´hension des me´canismes de
leur stabilisation et de leur de´stabilisation. Toute l’information bibliographique n’est pas
rassemble´e ici, elle sera comple´te´e en soutien a` l’analyse des re´sultats.
1.1 Introduction to nanomaterials
Nanomaterials have one or more components with at least one dimension measuring 100
nm or less, including nanoparticles, nanofibers and nanotubes, composite materials and
nano-structured surfaces (Nowack and Bucheli, 2007). They can be spherical, tubular, or
irregularly shaped and can exist in fused, aggregated or agglomerated forms. As a subset
of nanomaterials, nanoparticles are currently defined as single particles with a diameter
less than 100 nm (Yang et al., 2008). They are normally invisible to naked eyes and
to an optical microscope. Nanocrystalline materials may have exceptional properties,
such as hardness, corrosion resistance, ductility at high temperatures, or chemical
reactivity (Vasudeo and Rangaprasad, 2004); all of them may indeed be improved when
compared to the bulk material ones. Of course these properties will also depend on their
composition, size, shape and surface states.
Particles in the nano-sized range, for example soot and organic colloids, have been
present on earth for millions of years. Recently, however, nanoparticulates have attracted
a lot of attention because of our increasing ability to synthesize and manipulate such
materials (Nowack and Bucheli, 2007). Generally, there are different approaches for a
classification of nanomaterials, some of which are summarised as follows (Vasudeo and
Rangaprasad, 2004):
6
1.1. Introduction to nanomaterials
Dimension
3 dimensions < 100 nm Particles, quantum dots, hollow spheres, etc.
2 dimensions < 100 nm Tubes, fibres, wires, platelets, etc.
1 dimensions < 100 nm Films, coatings, multilayers, etc.
Phase composition
Single-phase solids Crystalline, amorphous particles and layers, etc.
Multi-phase solids Matrix composites, coated particles, etc.
Multi-phase systems Colloids, aerogels, ferrofluids, etc.
Manufacturing process
Gas phase reaction Flame synthesis, condensation, chemical vapor deposition, etc.
Liquid phase reaction Sol-gel, precipitation, hydrothermal processing, etc.
Mechanical procedures Ball milling, plastic deformation, etc.
Another classification of nanoparticles is via already known properties, the easiest
being their chemical composition. Three main categories have to be distinguished:
a) pure metallic nanoparticles (Fe, Ag, Au ...); b) metallic oxides or oxy-hydroxides
(SiO2, TiO2 ...); c) carbonaceous nanoparticles (nanotubes, fullerenes ...). Among them,
SiO2 and TiO2 nanoparticles are already produced in very large quantities (10
2 − 103
ton/year). One goal in the future will be to classify these nanoparticles depending
on their application domains, quantities, waste treatment available on site or not and
resultant potential sanitary risks, as well as on the physical and chemical properties of
the effluent containing the nanoparticles (Tourbin et al., 2008).
Commercially important nanoparticulates include metal oxide nanopowders, such
as silica (SiO2), titania (TiO2), alumina (Al2O3) or iron oxide (Fe3O4, Fe3O3), and
other nanoparticulate materials like semiconductors metals or alloys. Besides these,
molecules of special interest that fall within the range of nanotechnology are fullerenes
and dendrimers (tree-like molecules with defined cavities), which may find application
for example as drug carriers in medicine1.
1Luther. W, 2004, Classification of nanomaterials for commercial purposes including nanoparticles,
fullerenes, dendrimers, nanowires, nanotubes, nanolayers and nanopores, Technologies Division of VDI
(Verein Deutscher Ingenieure) Report: Industrial Application of Nanomaterials - Chances and Risks:
Technology Analysis.
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Nanowires, nanotubes or nanorods as linear nanostructures can be generated from
different material classes. As one of the most promising linear nanostructures, carbon
nanotubes can be expected to find a broad field of application in nanoelectronics,
catalysis, design of novel gas sensors, enzymatic biosensors, immunosensors and DNA
probesand, and also as fillers for nanocomposite materials with special properties.
At present, carbon nanotubes can be produced by chemical vapor deposition (CVD)
methods on a several tons per year scale and the gram quantities are already available
commercially (Vasudeo and Rangaprasad, 2004; Trojanowicz, 2006; Vairavapandian
et al., 2008).
Nanolayers are another important topics within the range of nanotechnology. Through
nanoscale engineering of surfaces and layers, a vast range of functionalities and new
physical effects (e.g. magnetoelectronic or optical) can be achieved. Moreover, the
surfaces and layers of nanoscale are often needed to optimise the interfaces between
different material classes (e.g. semiconductors on silicon wafers), and to have the desired
special properties (Vasudeo and Rangaprasad, 2004). In addition, nanolayers can also
be coated to fight erosion, corrosion in metals.
Nanoporous (usually called mesoporous) materials with the pore-size in the nanome-
ter range have a broad range of industrial applications due to their outstanding
properties (Luther, 2004). Their large surface area which generally certifies large
quantities of active centres, as well as their narrow pore size distribution make meso-
porous materials widely used in shape-selective catalysis, membrane filtration and energy
storage (Wang et al., 2008; Shao et al., 2010; Kumar and Guliants, 2010; Liu et al., 2007).
The possible reasons that make these nanomaterials so different and so intriguing
are as follows. The extremely small feature size at the nanoscale is of the same scale as
the critical size for physical phenomena — for example, the radius of the tip of a crack
in a material may be in the range 1-100 nm. The way a crack grows in a larger scale
material is likely to be different from crack propagation in a nanomaterial where crack
and particle size are comparable. Fundamental electronic, magnetic, optical, chemical,
8
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and biological processes are also different at this level2.
Surfaces and interfaces are also important in explaining nanomaterial behavior.
In bulk materials, only a relatively small percentage of atoms will be at or near a surface
or interface (like a crystal grain boundary). In nanomaterials, the small feature size
ensures that many atoms, sometimes half or more in some cases (size < 5 nm), will
be near interfaces. Surface properties such as energy levels, electronic structure, and
reactivity can also be quite different from bulk ones, and then give rise to quite different
material properties. Fig. 1.13 shows the relation between the total number of atoms and
the number of atoms on the surface.
Figure 1.1: Number of atoms on the surface over total number of atoms
Such exceptional properties of nanomaterials may as well cause them present novel
toxicity beyond those already existing by naturally occurring combustion products,
2Hickman. K, 2002, Nanomaterials: it’s a small, small word, http://www.csa.com.
3Afsset, 2006, Les nanomate´riaux — Effets sur la sante´ de l’homme et sur l’environnement, Agence
Francaise de Se´curite´ Sanitaire de l’Environnement et du Travail, Maisons-Alfort, France.
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volcanic ash, toxic metals and organic xenobiotics. In fact, the reactive surface of
ultra-small particles can result in the direct generation of harmful oxyradicals (ROS):
these can cause cell injury by attacking DNA, proteins and membranes (Brown et al.,
2001; Cheng et al., 2004; Moore, 2006). Furthermore, the ability of these particles to
penetrate the body and cells (e.g., via fluid-phase endocytosis and caveolae) provides
potential routes for the delivery of nanoparticle-associated toxic pollutants to sites where
they would not normally go (Moore, 2006). Nanoparticles can then behave like a vector
on which hazardous compounds are concentrated.
K.Miyazaki and Islam (2007) summarized industry and academia research activi-
ties on nanotechnology. They showed that Asian countries play an important role
in research (academic and private) on nanotechnology as they are authors of 40% of
all scientific and technical papers on the field throughout the world with a dominant
position of Japan and the significant emergence of China (fig. 1.2). In numbers, the
United States ranks first in the literature on nanotechnology with 27% of published
articles. And in Europe, Germany, France, Britain and Italy are becoming important
players in this emerging technological field.
Figure 1.2: Share of Asian players and global leaders in nanotech related publishing
(K.Miyazaki and Islam, 2007)
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The commercial sales of nanotechnology products follow the same trends as research
activities: Asia and the Pacific region (45%) ranked first, followed by the United States
(26%) and Europe (24%), as shown in fig. 1.3. These trends may suggest that once
nano-products are harmful, they will firstly threat to Asian countries. Current and
potential applications of nanomaterials are further presented one by one in part 1.2.
Figure 1.3: Current sales of nanotechnology product (K.Miyazaki and Islam, 2007)
1.2 The application of nanoparticulates
Nanotechnology offers an extremely broad range of potential applications from electronics,
optical communications and biological systems to new materials. It is interesting to
note that the applications of nanotechnology in different fields have distinctly different
demands, and thus face very different challenges, which require different approaches.
For example, the major challenge of nanomedicine application is “miniaturization”: new
instruments to analyze tissues literally down to the molecular level; sensors smaller than
a cell allowing to look at ongoing functions; and nano-systems that literally circulate
within a human body pursuing pathogens and neutralizing chemical toxins (Cao, 2004).
More details are presented as follows.
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1.2.1 Medicinal and biological application
Nanomedicine is about diagnosis, treatment, or prevention of diseases using science and
technology at sizes comparable to molecules and structures that run and make human
cells. (Lal, 2009). It can be classified according to the specific applications which include
advanced drug delivery systems, diagnosis and imaging techniques, implantable materials,
anti-microbial techniques. Neuro-electronic interfaces and other nanoelectronics-based
sensors are another active goal of research. Further down the line, the speculative field of
molecular nanotechnology believes that cell repair machines could revolutionize medicine
and the medical field4.
1.2.1.1 Drug, protein or peptide delivery
Drug delivery is the method or process of administering a pharmaceutical compound to
achieve a therapeutic effect on a patient. Drug delivery systems (nanoparticles) can be
designed to improve the therapeutic and pharmaceutical properties of a drug. Fig. 1.4
is a schematic diagram for drug delivery from nanoparticles. Particles are engineered
so that they can bind to diseased cells with targeting molecule, which allows direct
treatment of those cells. Nanoparticles have those unusual properties that significantly
improve the bioavailability of a drug.
Figure 1.4: Novel tools for drug delivery
4Fisher R. S., Nanomedicine overview, The 2029 Project Achieving an Ethical Future for Biomedical
R&D.
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One ability of nano-delivery systems is to get into tumors efficiently. Since blood vessels
supplying tumors are more porous, or leaky, than normal vessels, the nanoformulation
can more easily enter and accumulate within tumor cells. This means that higher doses
of the drug can be delivered, increasing its cancer-killing abilities while decreasing the
side effects associated with systematic chemotherapy5. Lesniak (2005) has reviewed
important advances in drug delivery for brain cancer, in which the currently approved
therapy is based on local controlled delivery of chemotherapeutic agents by a biodegrad-
able polymer (Jain, 2005).
Dendrimers within the nano-range have a surface that can contain many different
sites to which drugs may be attached. Materials such as polyethylene glycol (PEG)
can also be grafted on their surface to modify the way they interact with the body, in
particular with the immune system. PEG attached to the dendrimer can “disguise”
it and prevent the body’s defence mechanisms from detecting it, thereby slowing the
process of breakdown. This allows the delivery system to circulate in the body for an ex-
tended time period, maximising the opportunities for the drug to reach the relevant sites6.
Small interfering RNA (siRNA) nanoparticles were formulated with Poly (Propy-
leneimine) (PPI) dendrimers, on which siRNA were caged with a dithiol containing
cross-linker molecules followed by coating them with PEG. A synthetic analog of
Luteinizing Hormone-Releasing Hormone (LHRH) peptide was conjugated to the distal
end of PEG polymer to direct the siRNA nanoparticles specifically to the cancer cells.
This method provides for their specific uptake by tumor cells, accumulation of siRNA
in the cytoplasm of cancer cells, and efficient gene silencing (Taratula et al., 2009).
The anti-HIV/AIDS drugs can also be targeted to the desired site with multifunctional
nanocarriers such as dendrimers and ethosomes. There are some very recent therapies
of the HIV/AIDS like peptides, siRNA and oligonucleotides based deliveries (Gupta and
Jain, 2010). Magnetic nanoparticles are also of significant interest as drug carriers since
they can be guided thanks to a magnet onto the required zone.
5Merritt, R., 2009, Nano-scale drug delivery for chemotherapy, News & Communications Duke Uni-
versity, http://www.dukenews.duke.edu.
6Porter. C, 2010, New nano-sized drug delivery system to treat cancer, HIV and lymphoma,
http://www.azonano.com/news.asp?newsID=16384.
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1.2.1.2 Diagnosis and imaging techniques
In vivo imaging is another area where tools and devices are developing in the field
of nanotechnology. It allows a noninvasive insight into living organisms and helps
to understand metabolic processes and disease related changes in the body. Using
nanoparticle contrast agents, images from ultrasound and magnetic resonance imaging
(MRI) have a favorable distribution and improved contrast (Nomura et al., 2008).
Au nanoparticles have immense potential for cancer diagnosis and therapy on account
of their surface plasmon resonance (SPR) enhanced light scattering and absorption.
Conjugation of Au nanoparticles to ligands specifically targeted to biomarkers on cancer
cells allows molecular-specific imaging and detection of cancer (Jain et al., 2007). Semi-
conductor quantum dots are also promising in this application. For example, the initial
in vivo experiments of hydroxyapatite (HA) nanoparticles conjugated with quantum dots
(QDs) revealed clear images of HA-QD from the hypodermic and intravenous injection.
Fig. 1.5(a) shows the image of a control mouse, where only a background is observed.
The images of deep tissues were obtained after intramuscular injection of the HA-QD
with an emission at 600 nm (HA-QD600), as shown in fig. 1.5(b) (Guo et al., 2008).
Figure 1.5: In vivo fluorescence images of (a) the control mouse before injection (only
background autofluorescence); (b) HA-QD600 intramuscularly injected into the leg muscle
(deep tissue) under 465 nm excitation (Guo et al., 2008)
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1.2.1.3 Implantable materials
Another important application of nanomaterials is to repair and replace damaged or
diseased tissues. Nanomaterial implant coatings could increase the adhesion, durability,
and lifespan of implants, and nanostructure scaffolds could provide a framework for
improved tissue regeneration. Moreover, nanomaterial implants could be engineered
for biocompatibility with the host environment to minimize side effects and the risk
of rejection. Smart nanomaterials could also detect and respond to environmental
conditions and chemical reactions7.
Yang et al. (2009b) produced a nano/submicron-scale network oxide layer on Ti
metal surface for biomedical implant application. The whole blood coagulation and
human bone marrow stem cells (hBMSCs) adhesion on the anodized Ti surface were
evaluated. The results showed that the nano/submicron-scale TiO2 network layer
significantly enhanced the whole blood coagulation and hBMSCs adhesion on Ti surface.
Yang et al. (2009a) suggested that the electrochemically deposited nano-hydroxyapatite
coating has a well bone integration potential in a rabbit bone model.
Furthermore, nanomaterials (such as carbon nanofibers/nanotubes) are promising
candidates to transmit and receive electrical signals while supporting and enhancing
nerve cell neurite/axon extension due to their excellent conductivity and biocompatibility
properties. Other than applications for bone and nerve, nanomaterials can also be used
in cartilage, vascular tissue regeneration and bladder applications (Liu and Webster,
2007).
1.2.1.4 Anti-microbial techniques
The use of particles smaller in size than cells is emerging as a powerful complement in
bio-nanotechnology. Silver is one of the most famous antimicrobial substances. Nano-
technology makes it possible to expand the surface area of silver particles markedly, and
the surface area is directly proportional to its antimicrobial action.
7Fisher R. S., Nanomedicine overview, The 2029 Project Achieving an Ethical Future for Biomedical
R&D.
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Anti-microbial mechanisms of nanosilver are different according to the species of
bacteria. Silver ion rapidly kills microbes by blocking the cell respiration pathway or
breaking outer cell wall. The speed of action is almost instantaneous once the silver
reaches the microbe. The efficacy as a microbe killing agent is based not only on the
amount of silver ion present, but likely also on the presence of other silver radicals
generated by a silver releasing product8 (Verran et al., 2007).
Li et al. (2009) obtained plasma sprayed nano-titania/silver coatings deposited on
titanium substrates as an implant material which had excellent antibacterial property
and no obvious osteotoxicity. Fiona et al. (2007); Ignatova et al. (2006) developed
nano-engineered membranes and nano-fibre mats for wound-healing applications.
To sum up, the majorities of nanoparticle applications in medicine are geared to-
wards drug delivery, diagnosis and imaging techniques, implantable materials and
anti-microbe. It should be noted that the biodistribution of some nanoparticles may not
be known exactly, and that they may accumulate in the body over time. Therefore, the
dangers of nanotoxicity and the targeting and distribution of nanoparticles are related
to each other and must be addressed together, especially in nanomedicine since it can
directly introduce nanomaterials into human bodies.
The major trend in further development of nanomaterials is to make them multi-
functional and controllable by external signals or by local environment thus essentially
turning them into nano-devices. Neuro-electronic interfacing that permit computers
to be joined and linked to the nervous system is a visionary goal dealing with the
construction of nanodevices. This idea requires the building of a molecular structure
that will permit control and detection of nerve impulses by an external computer.
Nanorobotics is the technology of creating machines or robots at or close to the scale
of a nanometer (10−9 meters). Nanomedicine would make use of these nanorobots
(e.g., computational genes), introduced into the body, to repair or detect damages and
infections (Robert and Freitas, 1999, 2003). As no artificial non-biological nanorobots
8Tondare N., Nano-silver based advanced, anti-microbial wound care products: next generation
medical textile, http://www.fibre2fashion.com/industry-article/7/699/nano-silver-based-advanced-anti-
microbial-wound-care-products1.asp.
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have so far been created, they remain a hypothetical concept at this time (Abhilash,
2010). Another potential application of nanomachines may be cell repair. Cells damaged
to the point of inactivity can be repaired because of the ability of molecular machines to
build cells from scratch. Therefore, cell repair machines will free medicine from reliance
on self repair alone (Bhowmik et al., 2009).
A lot of informations have been presented in the above on bio-nanotechnology,
because this area is undergoing the fastest developement currently (Islam and Miyazaki,
2010), but many of them have not been realized. If nano-devices are still in the
conceptual stage, the application of nanomaterials in catalysis has made great progress
which is to be decribed in part 1.2.2.
1.2.2 Nanopore and nanoparticle catalysts
Nanocatalysts make people like solid-state chemists, materials scientists and catalyst
merchants fascinated for several reasons. First, they offer abundant intellectual and ma-
nipulative scope to assemble high-performance, well-defined, and spatially isolated active
sites; second, existing physico-chemical techniques must be extended to their limit, and
new ones developed, so as to fully characterize the nature of the active centers; third, they
provide numerous and urgently needed opportunities to replace existing industrial chem-
ical processes with ones that are simpler, cleaner, and more environmentally acceptable
(Thomas and Raja, 2001).
1.2.2.1 Nanoporous catalysts
The term nanoporous materials (usually called mesoporous materials) have been used
for those porous materials with pore diameters of less than 100 nm. Many kinds of
crystallines and amorphous nanoporous materials such as framework silicates and metal
oxides, zeolites, pillared clays, nanoporous silicon, carbon nanotubes and so on have
been applied in several fields including catalysts (Niasari, 2009). The ability to control
their pore structure is derived from the surfactant templated synthesis (Fryxell, 2006).
Because active sites distribute on the surface of nanoporous catalysts and a lot of surface
area is created by pores, most of the active sites hide in these pores. It opens the
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possibility for shape-selective reactions on macromolecules with different sizes between
targeted products and undesired products by tailoring their pore sizes (Yong et al., 2006).
Mesoporous nickel phosphate VSB-5 was used as a shape-selective catalyst for
epoxidation of cyclic olefins such as cyclohexene and cyclooctene using hydrogen
peroxide. The VSB-5 showed high selectivity to cyclohexene oxide and cyclohexane
diol, much higher productivity per catalyst weight in the epoxidation of cyclohexene,
and high selectivity to cyclooctene oxide in the epoxidation of cyclooctene. It behaved
as a heterogeneous catalyst in the epoxidation and could be used many times without
significant activity loss (Jhung et al., 2006).
Figure 1.6: The transmission electron micrograph of the mesoporous nanospheres, the
nano-scale catalyst particles (∼ 3 nm) show up as the dark spots
Mesoporous materials can also be used as supports for other catalysts by surface
modifications as shown in fig. 1.69. Liu et al. (2009) prepared mesoporous Al2O3 as the
support of Pt catalysts for the selctive hydrogenation of acetophenone to produce phenyl
ethanol. Yong et al. (2006) synthesized Cerium (Ce)-incorporated MCM-48 mesoporous
silica. MCM-48 and Ce-MCM-48 act as the shape-selective adsorption/catalysts on the
tobacco and provide a good means to reduce the amount of bulky polycyclic aromatic
hydrocarbons in mainstream smoke of cigarettes. The incorporation of cerium into the
9Gibson. K, 2008, Turning waste material into ethanol, http://www.sciencedaily.com.
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mesoporous silica host can effectively improve its catalytic activity, by which the bulky
polycyclic aromatic hydrocarbons can be effectively and selectively reduced.
1.2.2.2 Nanoparticle catalysts
Nanoparticles can act directly as catatlysts as well, no support being required. For ex-
ample, Safavi et al. (2008) used unsupported gold nanoparticles on the luminol-hydrazine
reaction. Gold nanoparticles catalyze the reaction of hydrazine and dissolved oxygen to
generate hydrogen peroxide and also catalyze the oxidation of luminol by the produced
hydrogen peroxide. The result is an intense chemiluminescence (CL) due to the excited
3-aminophthalate anion. In the absence of gold nanoparticles no detectable CL was
observed by the reaction of luminol and hydrazine unless an external oxidant is present
in the system. Zhou et al. (2010) prepared platinum (Pt) nanoparticles catalyst which
showed excellent activity for the hydrogenation of aldehyde after runs of five times.
Because such platinum nanoparticles can self-collect and redisperse by simply adjusting
pH values of the solution, they have promising applications in the field of colloidal
catalysts recycling economically, at no cost of nanofiltration membrane technology.
Nano-catalysts can be considered as a bridge between homogeneous and heteroge-
neous catalysts. Because of nano-size and high surface area, the contact between
reactants and catalyst increases dramatically and they can operate in a comparable
way as homogeneous catalysts (close to homogeneous catalysis), at the same time, due
to their insolubility in the reaction solvent, they can be separated out easily from the
reaction mixture. Thus, nano-materials can combine the advantage of both systems, and
can offer a unique activity with high selectivity (Polshettiwar et al., 2009).
1.2.3 Optic and electronic applications
Because the photonic and electronic properties of nanomaterials usually combine with
each other, they are discussed together in this part. The main materials used in
these applications are semiconductor, and as an important extension, semiconductor
nanoparticles or nano-systems.
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Nanophotonics (nano-optics) is an exciting new frontier which deals with the in-
teraction of light with matter on a nanometer size scale (Prasad, 2004). The optical
properties associated with nanoparticles and their composite materials include a high-
or low-refractive index, high transparency, novel photoluminescence properties, photonic
crystal, and plasmon resonance (Iskandar, 2009). Nanoelectronics refer to the use of
nanotechnology on electronic components, especially transistors. They often involve
transistor devices which are so small that inter-atomic interactions and quantum
mechanical properties need to be studied extensively. As a result, present transistors do
not fall under this category.
In this field, the shape and of course the composition of the nano-objects are of
great importance. The following parts refer to the nanowires and the QD that are
documented the most.
1.2.3.1 Nanowires
Nanowires can be defined as structures that have a thickness or diameter constrained
to tens of nanometers or less and an unconstrained length. At these scales, quantum
mechanical effects are important — which coined the term “quantum wires”. Many
different types of nanowires exist, including metallic (e.g., Ni, Pt, Au), semiconducting
(e.g., Si, InP, GaN, etc.), and insulating (e.g., SiO2, TiO2).
Nanowires made from zinc selenide (ZnSe) — a wide band-gap semiconductor —
could be ideal building blocks for making nano-optoelectronic devices. These nanowires
sometimes show periodic defect structures along their lengths. Changing the point
defects changes the optical properties of the nanowires so that they may be employed as
efficient emitters or detectors of light (Wang et al., 2007). GaAs and InP nanowires and
their core/shell or axial heterostructures have been synthesized and could achieve optical
qualities which approach that of the best 2D heterostructures (Gao et al., 2009). And
the realization of reliable p-type conduction in zinc oxide nanowires is an important step
forwards in developing zinc oxide nanostructure-based p − n junctions, light-emitting
diodes, and laser diodes (Yuan et al., 2008). The SEM images of nanowires in fig. 1.7
come from Wang et al. (2007); Harmand et al. (2006); Yuan et al. (2008) respectively.
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Figure 1.7: Scanning electron microscopy (SEM) images of the nanowires, a. ZnSe, b.
GaAs and c. ZnO (Wang et al., 2007; Harmand et al., 2006; Yuan et al., 2008)
1.2.3.2 Quantum dots (QDs)
A QD is a semiconductor whose excitons (electron-hole pair) are confined in all three
spatial dimensions. As a result, they have properties that are between those of bulk
semiconductors and those of discrete molecules. QDs are particularly interesting
for optical applications due to their theoretically high quantum yield. In electronic
applications they have been proven to operate like a single-electron transistor and
show the coulomb blockade effect (the increased resistance at small bias voltages of an
electronic device comprising at least one low-capacitance tunnel junction) (Grundmann,
2002).
One application of QDs is quantum dot lasers which have high power and great
stability, low threshold currents and great efficiency. Bhattacharya et al. (2009) have
realized quantum dot (self-organized In(Ga)As/Ga(AI)As) lasers to high-performance
devices lately. Moreover, Bhattacharjee and Conde (2006) promised optical detections
based on transition metal-doped QDs. Chung et al. (2010) fabricated white light
emitting diodes (LEDs) by combining 460 nm InGaN LED chip with single or dual CdSe
QDs mixed with polymethylmethacrylate (PMMA).
QDs have also been suggested as implementations of qubits (bits) for quantum in-
formation processing. Quantum cellular automata (QCA) is considered as the pioneer
technology in next generation computer designs, and the limitation of QCA by proposing
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two new D flip-flop (a term referring to an electronic circuit that has two stable states
and thereby is capable of serving as one bit of memory) structures has been improved
by Shamsabadi et al. (2009).
It is worth mentioning that luminescent QDs as biomarkers apply optoelectronic
properties for selective imaging of tumor cells in living animals, which has been remarked
in part 1.2.1.2.
1.2.4 Energy applications
Advanced application of nanotechnology relates to energy including storage, conversion,
manufacturing improvements by reducing materials and process rates, energy saving by
better thermal insulation, etc. For example, nano-sized lithium manganese oxide dis-
persed on carbon nanotubes has been synthesized and has shown excellent power per-
formance and good structural reversibility as an electrode material in energy storage
systems, such as lithium-ion batteries and electrochemical capacitors (Ma et al., 2009).
Nano-encapsulated n-tetradecane could be applied for thermal energy storage and heat
transfer enhancement (Fang et al., 2009). And a new solar energy conversion and storage
system using a nano-ring in an array waveguide has been proposed by Khunnam and
Yupapin (2010).
1.2.5 Water purification
The development of effective water purification technology is an important challenge
facing the world. Due to the anti-bacterial property, some nanoparticles can not only
apply in medicinal area, but also apply in water bioremediation and disinfection. Silver
nanoparticles decorated onto porous materials such as ceramic or carbon possesses a
strong antimicrobial property in water treatment (Shashikala et al., 2007; Lu et al., 2009).
MgO nanoparticles and magnesium (Mg) nanoparticles are very effective biocides against
Gram-positive and Gram-negative bacteria (Escherichia coli and Bacillus megaterium)
and bacterial spores (Bacillus subtillus) (Tiwari et al., 2008).
Besides water bioremediation and disinfection, nanoporous materials were applied
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to filtrate or adsorb other pollutions. Stafiej and Pyrzynska (2007), Rao et al. (2007)
applied nanotube to adsorb metal ions. And Khaydarov et al. (2010) used nanocarbon-
conjugated polymer nanocomposites (nanocarbon colloids and polyethylenimine) for
water purification from metal ions, in which percent of sorption of Zn2+, Cd2+, Cu2+,
Hg2+, Ni2+, Cr6+ ions was higher than 99%. Another nanomaterials that can be used
in water treatment is dendrimers. Advances in macromolecular chemistry such as
the invention of dendritic polymers provided unprecedented opportunities to develop
effective ultrafine processes for purification of water contaminated by toxic metal ions,
radionuclide, organic and inorganic solutes, bacteria and viruses (Tiwari et al., 2008).
In one word, the high surface area of nanomaterials leads to good result in water
treatment, which suggests their possible applications at large scale water purification in
the future. However, the hazards of nanoparticles themselves are not yet clear, which
may cause new pollutions instead of the old ones.
To conclude, the main applications of nanomaterials have been presented in this
part, and it is impossible to cover all of the examples. These applications may signifi-
cantly improve existing technologies and produce many positive effects on one hand, but
they may bring potential hazards on the other hand as described in the following part.
1.3 The hazards of nanoparticulates
Since nanomaterials and their applications have widely attracted more and more atten-
tion, researches on nanotechnology have stimulated new interest in the role of particle
size and shape in determining toxicity. Nanoparticles may be more toxic than larger
particles of the same substance (Lam et al., 2004) due to their larger surface area, high
ratio of particle number to mass, enhanced chemical reactivity, and potential for easier
penetration of cells (Wiesner and Bottero, 2007). In one word, the surface-to-volume
ratio determines the potential number of reactive groups; the enhanced activities could
be either beneficial (e.g., antioxidation, carrier capacity for drugs, increased uptake
and interaction with biological tissues) or disadvantageous (e.g., toxicity, instability,
induction of oxidative stress) depending on the intended use (Oberdo¨rster et al., 2005;
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Yang et al., 2008).
Although the nano- or ultrafine particles are still confidential, hazards relevant to
humans and other mammals have been studied. Much of this research has been done
with experimental mammals, but animal experiments can not be the only basis for
precise quantitative estimates regarding actual risk for humans because of the differ-
ences between experimental animals and humans that make extrapolations uncertain
(Reijnders, 2006; Oberdo¨rster, 2000).
1.3.1 Risks of inhaled nanoparticles
Inhalation is the most significant exposure route for airborne nanoparticles (Oberdo¨rster
et al., 2005), since people are often exposed to particulates of different chemical
composition at their workplace and in daily life (Blitz and Gun’ko, 2006). The fate of
inhaled nanomaterials depends on regional distribution in the lung, because disposition
within the lung is a complex function of the kinetics of absorption and non-absorptive
clearance mechanisms (Yang et al., 2008).
Fig. 1.8 shows various steps of cell and tissue interaction with particles in the
lung, the major effects are seen with micron and nano-sized particles (Blitz and Gun’ko,
2006). “Once in the alveolar space the particle may react with extracellular matter
(step 1) and be engulfed by alveolar macrophages (AMs), which clear the particles out
of the lungs (step 2). Depending upon the surface characteristics of the particle itself
this clearance process may either succeed (step 3) or fail (step 4). In the latter case
macrophages will become activated at the cellular and molecular level with the activation
of transcription factors, and the release of ROS (reactive oxygen species) and RNS
(reactive nitrogen speices), chemotactic factors, and so on, with eventual cell death
(necrosis/apoptosis), releasing the particle. Subsequent ingestion-reingestion cycles ac-
companied by a continuous recruitment of AMs, polymorphonuclear neutrophils (PMNs)
and lymphocytes are the cause of sustained and chronic inflammation. Target cells such
as bronchiolar and alveolar epithelial cells will then be affected by both AM products
(step 5) and the extracellular particles (step 6), again resulting in activation and/or cell
death. Particle derived ROS may also react with cell derived ROS and RNS yielding
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new toxic moieties, e.g. peroxynitrite (ONOO−) from nitric oxide (NO) and superoxide
anion (O−•2 ) (step 7). Overall, some evidences suggest that inhaled nanoparticles, after
deposition in the lung, largely escape alveolar macrophage surveillance and clearance, and
gain access through translocation to the pulmonary interstitium (step 7). Furthermore,
the reaction with endogenous molecules may affect the fate of nanoparticles in a different
manner than micron-sized particles since they may not have the same reactivity” (Blitz
and Gun’ko, 2006).
Figure 1.8: Steps of cell and tissue interaction with nano and micro-sized particles in the
lung (Blitz and Gun’ko, 2006)
The high deposition efficiency of inhaled nanoparticles in the pulmonary region increased
in people with asthma or chronic obstructive lung disease (Chalupa et al., 2004).
Inflammation of the lung is often seen as a response to the inhalation of nanoparticles
as well. In addition, exposure to carbon nanotubes can give rise to the formation of
interstitial granulomas in animal experiments (Reijnders, 2006).
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In vivo pulmonary toxicity studies in rats, Warheit et al. (2007) demonstrated
that ultrafine TiO2 has low inflammatory potential and lung tissue toxicity. Lundborg
et al. (1999, 2001) found that rat and human alveolar macrophages had impaired
function due to aggregates of ultrafine carbon particles, which may be linked to increased
infection risk and decreased protection of sensitive lung cells. Studying the effect of
ultrafine carbon and TiO2 particles ranging from 12 to 220 nm, Mo¨ller et al. (2002)
saw evidence for impaired defense ability in the rat lung. And Renwick et al. (2001)
showed that ultrafine TiO2 and carbon black particles impaired phagocytosis by alveolar
macrophages more strongly than fine particles of the same materials. There is also
evidence that nanoparticles may act as an adjuvant for allergic sensitization (Reijnders,
2006).
Recently, researchers are more and more focus on the influence of size, crystalline
structure, chemical composition of nanoparticles in the investigation of their toxicities.
Clift et al. (2008) studied the uptake, kinetics and cellular distribution of different
surface coated quantum dots (QDs) and demonstrated that surface coating has a
significant influence on the mode of nanoparticles interaction with cells, as well as
the subsequent consequences of the interaction. Deckers et al. (2008) compared the
toxic effect of aluminium oxide, titanium oxide nanoparticles to multi-walled carbon
nanotubes. Carbon nanotubes were more toxic than metal oxide nanoparticles. They
also demonstrated significant difference in biological response as different functions of
nanomaterials. Prevailing theories suggested that acicular, or fiber-like particles induce
enhanced toxicity over isotropic materials through hindrance of phagocyte-mediated
clearance mechanisms and through the aggravation of proximal cells via mechanical
interactions. Submicron and nanoscale amorphous silica spheres and rods as model
materials were synthesized by Brown et al. (2007) for shape-driven toxicological experi-
mentation. Their results showed that shape-driven agglomeration may be a factor in the
pathogenesis of particle-induced lung disease.
1.3.2 Risk of contacted nanoparticles
Apart from exposure by inhalation, dermal penetration of nanoparticles is a matter of
interest for humans. The application of TiO2 and ZnO nanoparticles in sunscreens,
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currently the most important use of ultrafine metal oxide particles in personal care
products, highlights the dermal penetration of nanoparticles. TiO2 and ZnO particles
sized ∼ 15 to 50 nm can be photocatalytically active on exposure to sunlight (Reijnders,
2006). According to a study of Dunford et al. (1997), this also holds for coated particles
that are actually applied in sunscreens.
Menzel et al. (2004) demonstrated in experiments that TiO2 nanoparticles can
penetrate pig skin through the stratum corneum into the underlying stratum granulosum
within the first 8 h after application. And studies with ZnO suggest that ZnO nanopar-
ticles may penetrate deep into the rat and rabbit skin (Dunford et al., 1997). ZnO and
TiO2 nanoparticles may also become involved in damaging nucleic acids and other cell
components by photocatalytic reactions on exposure to sunlight due to penetration into
the stratum granulosum (Dunford et al., 1997). TiO2 nanoparticles may furthermore
become involved in causing allergic reactions (Menzel et al., 2004; Reijnders, 2006).
Wu et al. (2009) further evaluated the potential toxicity of TiO2 nanoparticles in
hairless mice and porcine skin. Their results indicate that TiO2 nanoparticles can
penetrate through the skin, reach different tissues and induce diverse pathological lesions
in several major organs. Topical application of nano-TiO2 for a prolonged period can
induce dermal toxicity, most likely associated with free radical generation, oxidative
stress, and collagen depletion that can lead to skin aging.
Dermal exposure of humans may also be important in handling nanoparticles in
laboratories or industries. Glove deposits of single-walled carbon nanotube (SWCNT)
during handling were estimated by Maynard et al. (2004). They showed that substantial
deposits on skin or gloves could originate in handling carbon nanotubes, and presented
evidence that (unrefined) carbon nanotubes may cause dermal toxicity due to oxidative
stress (Reijnders, 2006).
1.3.3 Risks of nanoparticles in the aquatic environment
Uptake of nanoparticles by inhalation or contact are likely to be the major routes in
terrestrial organisms (Moore, 2006). However, accidental spillages or permitted release
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of industrial effluents in waterways and aquatic systems may result in the exposure to
nanoparticles by direct ingestion of contaminated drinking water or particles adsorbed
on vegetables or other foodstuffs (Daughton, 2004). More indirect exposure could arise
from ingestion of organisms such as fish and shellfish (i.e., molluscs and crustaceans) as
part of the human diet (Moore, 2006).
For aquatic animals, other routes of entry such as the passage across gill and
other external surface epithelia act. Studies with fish by Oberdo¨rster (2004) have
indicated that C60-fullerene may be internalized by these routes and induce lipid
peroxidation in brain of juvenile largemouth bass. Zhu et al. (2006) investigated different
toxicities to daphnia magna between tetrahydrofuran (THF)-solubilized nC60 and
water-stirred-nC60. There were 100% mortality in the THF-nC60-exposed fish between
6 and 18h, while the water-stirred-nC60-exposed fish showed no obvious physical effects
after 48 h. Kovochich et al. (2009) found the same results that THF-solubilized nC60
but not fullerol or aqueous nC60 generated cellular toxicity in a mouse macrophage cell.
These suggest that the toxicity of nanoparticles can be greatly affected by various factors.
Zhu et al. (2010) found that nTiO2 exerted minimal toxicity to daphnia within
the traditional 48 h exposure time, but caused high toxicity when the exposure time
was extended to 72 h. This demonstrated that exposure duration may be a contributing
factor in nanoparticle-mediated toxicity. Moreover, upon chronic exposure to nTiO2
for 21 days, daphnia displayed severe growth retardation and mortality, as well as
reproductive defects. A significant amount of nTiO2 was also found accumulated
in daphnia, and these daphnia displayed difficulty in eliminating nTiO2 from their
body, presenting increased bioconcentration factor values. This high level of bioac-
cumulation may interfere with food intake and ultimately affect growth and reproduction.
Genotoxic and ecotoxic assessments of widely used nanoparticles, CeO2, SiO2 and
TiO2, were conducted on two aquatic sentinel species, the freshwater crustacean daphnia
magna and the larva of the aquatic midge chironomus riparius (Lee et al., 2009). A
statistically significant correlation was observed between DNA damage and mortality in
the CeO2-exposed chironomus riparius, which suggests that CeO2-induced DNA damage
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might provoke higher-level consequences. Auffan et al. (2009a) observed a reduction
of 21 ± 4% of the Ce4+ atoms localized at the surface of CeO2 nanoparticles due to
the interactions with organic molecules present in biological media. These particles
induced strong DNA lesions and chromosome damage related to an oxidative stress.
SiO2 nanoparticles did not seem to affect the DNA integrity; whereas, the mortality of
both the SiO2-exposed daphnia magna and chironomus riparius increased. The TiO2
nanoparticle did not lead to significant alterations in geno- or ecotoxic parameters of
both species in the work of Lee et al. (2009).
Summarily, recent studies have showed some relevancy between nanoparticles and
pathologies by animal experiments. Although more precise data and the mechanism of
their risks have to be further studied, it is important to take into account that many
nanostructures may cause potential risks for human health.
1.3.4 Physico-chemical features relevant to particle toxicology
As mentioned above, toxicities of nanoparticles can be influenced by many factors.
It is recognized that biologically available surface area is probably the most critical
parameter for the effects of the nanomaterials. Additionally, particle surface chemistry,
biodegradability, concentration, shape, solubility, particle size and surface charges are
all found to be significant factors in determining harmful biological effects.
Until now, researchers can not agree with each other on the dose at which nanoparticles
cause a biological response. Some of them measured the dose of toxicity by total weight,
some others by the number of particles per volume. Beckman10 found that the best way
to pinpoint how toxic the particles are to cells was to calculate the dose based on the
total surface area of the nanomaterial. Brown et al. (2007) investigated the shape-driven
toxicity of amorphous silica and showed that this may be the main reason for the
pathogenesis of lung disease. Zhu et al. (2010) proposed that exposure duration has
to be considered in nanoparticle-mediated toxicity. And Auffan et al. (2009b) pointed
out that chemically stable metallic nanoparticles have no significant cellular toxicity,
10Beckman M., 2009, Nanoparticle toxicity doesn’t get wacky at the smallest sizes, Pacific Northwest
National Laboratory.
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whereas nanoparticles able to be oxidized, reduced or dissolved are cytotoxic and even
genotoxic for cellular organisms. It seems that different parameters play major roles
under different conditions; this complicates the evaluation of the nanoparticles toxicity.
1.3.5 Conclusion
The impact of nanomaterials on living cells can be broken down into the interactions
between the nanomaterial and the individual cell components. The membrane interface
is the first interactional medium between a material and a cell (Wiesner and Bottero,
2007). Foley et al. (2002) demonstrated that a fullerene derivative could cross the
external cellular membrane and it localises preferentially to the mitochondria. Yang
et al. (2010) pointed to possible negative impacts of nanomaterials in daphnia magna.
They concluded that long-term exposure (21 days) of low-level C60 caused significant
cellular damage, leading to cell dysfunction and cell lysis or necrosis in daphnia magna.
Nanomaterials that interact with proteins may alter protein structure as well.
Highly selective protein adsorption on nanoparticles, added to the fact that particles can
reach subcellular locations, results in significant new potential impacts for nanoparticles
on protein interactions and cellular behavior. The loss of secondary structure and
consequent changes in the activity of proteins upon binding to nanoparticles could be
seen as a drawback or a potential source of nanoparticle toxicity (Lynch and Dawson,
2008).
Other literature focuses on the detrimental effects of nanomaterial-DNA interac-
tions (Wiesner and Bottero, 2007). For example, hydroxyl radicals (·OH) associated
with TiO2 nanoparticle induced cytotoxicity and oxidative DNA damage in fish cells
(Reeves et al., 2008). A novel fullerene-lysine conjugate has been synthesized and was
found to cleave the supercoiled DNA; superoxide radical generated on photoirradiation
seems to be the ROS behind the DNA cleavage, which may give negative effects (Kumar
et al., 2009).
In short, the potential advantages of nanomaterials are immense, but so are the
potential dangers. Some of the dangers might be induced by the application of nanopar-
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ticles in the fields of medicine and personal care. In order to avert the risks, we must
thoroughly understand the nanomaterials properties, and then develop comprehensive
plans to prevent them. In the following part, we are going to discuss how to remove
nanoparticulates from water. One simple way to prevent the risks is also to prevent the
contamination by nanoparticles, especially of water resources.
1.4 Technologies of nanoparticles separation
The plausible hazards of nanoparticles result in little pressure to defense or manage
wastewaters containing such particles. The difficulty to detect nanoparticles in addition
to flaws in laws and regulations may be other reasons that some plants might neglect
or just deal with wastewater containing nanoparticles along with other pollutants.
Nevertheless, conventional wastewater treatments including physical, chemical and
biological methods may not be adapted to the recovery of nano-scaled particles, first of
all due to their size, but also due to their original properties (Moore, 2006; Reijnders,
2006)
Recently, however, some researchers have undertaken to study this particular point
and have begun to remove nanoparticles by using several technologies. Zarutskaya
and Shapiro (2000) applied magnetic filters to capture nanoparticles with permanent
magnetic moments. The influence of filtration operating conditions and particle diam-
eters on their behavior and magnetic capture efficiency was investigated numerically,
but this work was limited to the separation of magnetic nanoparticles. Chin et al.
(2006) used synthesized magnetite nanoparticles to aggregate target nanoparticles by
the electrostatic attraction between the two oppositely charged particles. By optimizing
experimental conditions, the residual turbidity could be removed until less than 1 NTU,
but large amount of magnetic nanoparticles had to be used. Michael and Armstrong
(2004) summarized separation and analysis of nanoparticles by capillary electrophoresis.
The advantage of this method is that the separation of different colloids is possible.
However, all of the above technologies have obvious disadvantage for a large scale
wastewater (containing nanoparticles) treatment.
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In addtion, Limbach et al. (2008) investigated the capture of nanoparticles by
clearing sludge. Their study demonstrated a significant influence of the nanoparticles
surface charge and the addition of dispersion stabilizing surfactants as routinely used
in the preparation of nanoparticle derived products. A detailed investigation on the
agglomeration of oxide nanoparticles in wastewater streams revealed a high stabilization
of the particles against clearance (adsorption on the bacteria from the sludge). Their
present results indicate a limited capability of the biological treatment step to completely
remove oxide nanoparticles from wastewater. Additional experiments will be required
for in depth studies on the detailed mechanism of nanoparticle adsorption to sludge.
The methods described above have various limitations to treat nanoparticles wastewater.
Coagulation and/or flotation processes used in the treatment of chemical and mechanical
polishing (CMP) wastewater, which contains mainly nanosized particles such as SiO2,
may be a better way to process wastewater containing nanoparticles.
1.4.1 Coagulation and flocculation process
1.4.1.1 Chemical coagulation
Coagulation is always considered along with flocculation and is used to remove particles
which cannot be removed by sedimentation or filtration alone. These particles are
usually less than 1 µm in size and are termed colloids. pH is often adjusted to slightly
alkaline so that coagulation and flocculation processes can work effectively. Fig. 1.9
gives a schematic of chemical coagulation process.
Figure 1.9: Schematic (input/output) of chemical coagulation
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Coagulation
The first step of coagulation is to destabilize the particle surface charge that keeps the
particles in suspension. Coagulants with charges opposite to those of the suspended par-
ticles are added to the water in order to neutralize the charges on dispersed non-settlable
particles. Once the charge is neutralized, the small suspended particles can stick to each
other; these slightly larger particles called microflocs are not visible to the naked eye11.
Flocculation
Following the first step of coagulation, a second process called flocculation occurs. In the
flocculation process, the particle size increases slowly from submicroscopic microfloc to
visible suspended particles. Collisions of the microfloc particles cause them to bond to
produce larger, visible flocs called pinflocs. The floc size continues to increase through
additional collisions and interaction with the coagulant. Macroflocs are formed. High
molecular weight polymers, called coagulant aids, may be added during this step to help
bridging, binding, and strengthening the floc, to add weight, and to increase settling
rate. Once the floc has reached its optimum size and stability, the suspension is ready
for the sedimentation process.
It is necessary to take careful attention to the mixing velocity and amount of mix
energy in the flocculation process, because the floc may be torn apart or sheared, and
once flocs are torn apart, it is difficult to get them to reform to their optimum size and
strength.
Sedimentation
Sedimentation takes place during and/or after flocculation process. It is the tendency
for particles or floc in suspension to settle out of the fluid in which they are entrained.
In many cases, the motion of the particles is blocked by a hard boundary; the resulting
accumulation of particles at the boundary is called a sediment. The concentration of
particles at the boundary is opposed by the diffusion of the particles12.
11Suthakar S., Water Treatment Hand Book, Aqua Designs India Limited.
12Roberts R., 2003, Sedimentation (under a gravitational potential), Spring Quarter Chemistry 24b,
Spring Quarter, http://www.its.caltech.edu/ ch24/lecture6.pdf.
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On this basis, Chang et al. (2007) further studied the treatment of nanoparticles
by chemical coagulation as it exists in the unity of wastewater treatment plant. The size
distributions peak of the particles were at 2 and 90 nm, and 3 - 5 mg·L−1 as Al dose of
polyaluminum chloride (PACl, Al2(OH)nCl6−n) was used as coagulant. Their structural
researches on the nanoparticles agglomeration due to coagulation have demonstrated
the interest of coagulant addition for a good recovery, but its effect on nanoparticle
removal (< 9%) was still not satisfying. The schematic below (fig. 1.10) describes the
installation.
Figure 1.10: The schematic of the treatment plant of Hinshu (HSIP) (Taiwan) (Chang
et al., 2007)
Chuang et al. (2007) investigated colloidal silica removal in coagulation processes for
wastewater reuse in another high-tech industrial park. Experimental results illustrated
that PACl showed higher performances on colloidal silica removal than alum, but these
two coagulants demonstrated the same capacity on silica removal at the range of 30 -
150 mg·L−1 of Al2O3 (16 - 79 mg·L−1 of Al). Moreover, the addition of polyacrylic acid
(PAA, [-CH2-CH(COOH)-]n as a flocculant could slightly advance silica removal in the
PACl coagulation. The removal ratio was approximately 80% at the following condi-
tions of dosage: PACl quantity equivalent to 180 mg·L−1 of Al2O3 and PAA of 3.0 mg·L−1.
Chemical coagulation and flocculation processes have the advantages to favor a
fast increase of particle size and an easy removal of particles, but the high quantities of
coagulant and sludge are their shortcomings.
1.4.1.2 Electrocoagulation (EC)
EC was tested as an alternative to chemical coagulation because it does not require the
direct addition of a chemical coagulant (Lai and Lin, 2003; Den and Huang, 2005; Kin
et al., 2006). This process takes benefits on one hand from the anode dissolution that
is the source of coagulant and, on the other hand, from the electrophoretic migration
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of the particles towards the bulk of the suspension. The addition of an electrolyte may
be recommended to increase the conductivity of the effluent and so to increase the
efficiency of the electrophoretic migration. Fig. 1.11 is a schematic description of the
electrocoagulation process.
Figure 1.11: Schematic (input/output) of electrocoagulation process
Lai and Lin (2004) investigated the treatment of copper CMP wastewater from a
semiconductor plant by electrocoagulation. Aluminum (Al) and cast iron (Fe) plates
were chosen as the anode/cathode pair. The test results indicated that electrocoagulation
with Al/Fe electrode pair was very efficient and able to achieve 99% copper ion and
96.5% turbidity removal in less than 30 min.
Another group (Hu et al., 2005) used electro-coagulation-flotation (ECF) process
with surfactant to treat CMP wastewater. The main contaminants in their study are
nano-sized SiO2 particles, dissolved silicon, dispersants/surfactants, oxidizing agents and
heavy metal ions. Aluminum electrodes were applied to produce Al3+ and hydrogen gas
such as eqs. 1.1, 1.2.
Al(s) −→ Al3+(aq) + 3e− (1.1)
2H2O(l) + 2e
− −→ 2OH−(aq) +H2(g) (1.2)
Cationic surfactant cetyltrimethylammonium bromide (CTAB) and anionic surfactant
sodium dodecylsulfate (SDS) were tested to reduce bubble size and increase collective
efficiency in their process. The addition of CTAB that could both increase the particles
size and produce positive-charged bubbles (particles are negative-charged) effectively
increased the removal of the turbidity. The sludge volume and settling time were
significantly less in the solution containing CTAB than in the one without CTAB.
Moreover, no CTAB pollution problem exists after this ECF process.
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Comparing with chemical coagulation process, EC process has less sludge and no
preliminary pH adjustments. Main disadvantage of EC is the dissolution of electrodes
into wastewater streams as a result of oxidation. Thus electrodes need to be regularly
replaced. Another disadvantage is the relatively high usage of electricity which causes a
relatively high cost. In addition, high conductivity of the water suspension is required
(Mollah et al., 2001).
1.4.2 Filtration process
Filtration through screen (e.g. sand, anthracite or different membranes) is an important
technique in water treatment. According to the applicability for different particle sizes,
there are several different filtration techniques, these are: sand filtration, micro filtration,
ultra filtration, nano filtration and reverse osmosis (RO). The type of membrane media
determines how much pressure is needed to drive the water through and what sizes of
particles, micro-organisms or molecule can be filtered out (Reardon et al., 2005).
Mechanical straining of the water is only a minor part of the filtration process, as
the main process by which particles are retained is adsorption. In adsorption, the
particles adhere to the filter material or to previously adsorbed particles. If a particle
passes close to a solid surface, there may be either electrical attraction or repulsion,
depending on the surface charges of both the particle and the solid surface (Kalibbala,
2007; Huisman and Wood, 1974).
Generally, there are two ways for membrane separation process: dead-end filtra-
tion and cross-flow filtration as shown in fig. 1.12. Due to the small size, the separation
of nanoparticles from liquid medium by conventional filtration without pre-coagulation
could be difficult (Lin et al., 2007). In the last few years, coagulation or electrocoagu-
lation with filtration were then explored by many researchers (Huang et al., 2004; Yang
and Li, 2007; Yang et al., 2003; Lin et al., 2007). The size of nanoparticles was enlarged
to at least 4 micron as pre-treated by chemical coagulation, and then they were filtered
through membrane (Huang et al., 2004). Cross-flow electrofiltration of nanoparticles can
minimize the solid-membrane contact thereby prolonging the service life, but still, fouling
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is inevitable. Depending on the charge characteristics of the particles, the polarity of
the collector electrode can be altered (Lin et al., 2007). This process has the same
disadvantage as the EC, and may foul the membrane. Novel membrane are produced
especially to separate nanoparticles from liquid, but they still need to be further studied.
Figure 1.12: Schematic of dead-end filtration and cross-flow filtration
1.4.3 Flotation process
Flotation is a widely used process in treating the industrial wastewater effluents. It uses
gas bubbles to increase the buoyancy of suspended solids. The gas bubbles attach to the
particles and make their effective density lower than that of the water. This causes the
particles to rise through the water and float at the top where they may then be removed
by a skimming device. Flotation may be achieved by several methods but the most
effective is the dissolved air flotation (DAF). The removal is achieved by dissolving air in
water or wastewater under pressure and then releasing the air at atmospheric pressure
in a flotation tank or basin (Wang et al., 2005).
Fig. 1.13 is a typical unit of DAF. The feeding products to the DAF float tank
are often (but not always) dosed with a coagulant (such as ferric chloride or aluminum
sulfate) to flocculate the suspended particles. The air-saturated water is hold in the
air drum and flows through a pressure reduction valve which results in the air being
released in the form of tiny bubbles (40− 70 µm). The bubbles adhere to the suspended
particles, causing the suspended particles to float to the surface and form a foam layer
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which is then removed by a skimmer. The foam-free water exits the float tank as the
clarified water from the DAF unit.
Figure 1.13: A typical dissolved air flotation unit (DAF)
Lien and Liu (2006) tested the treatment of CMP effluents by DAF. Very effective
removal of particles (turbidity > 98%) from wastewater was found when cationic
surfactant CTAB was used as a collector. It is proposed that both the change of
interface properties and the aggregation of particles contributed to flotation removal
of particles. Tsai et al. (2007) studied nano-bubble flotation with coagulation by
PACl/sodium oleate (NaOl) as a combination of activator/collector for the cost-effective
treatment of CMP wastewater. The nano-bubble flotation with coagulation process
increased the wastewater clarification efficiency by 40% as compared with traditional
coagulation/flocculation process. More than 95% of the turbidity, total solids and total
silica removal efficiencies were observed.
After making a comprehensive view of these process, coagulation/flotation process
is decided as a desired method to remove nanoparticles and will be further studied in
our work. Its advantages include rapid operation, low space requirements, flexibility of
application and moderate cost (Huang and Liu, 1999). The parameters governing the
efficiency of the particles collection by bubbles include the particle and bubble sizes, the
hydrophobicity of their surfaces (Fukui and Yuu, 1980). Much work has also shown the
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significant effect of colloidal forces on the capture of micro and nanoparticles (Collins
and Jameson, 1976; Fukui and Yuu, 1980; Mishchuk et al., 2001; Han, 2002; Schubert,
2005). The rate of flotation drastically depends on the charge of both the bubble and the
particle: Lien and Liu (2006) brought out the importance of the addition of a suitable
collector because a better flotation can be observed if the particles surface and the
bubble interface experiences opposite charges. The different parameters are presented in
details in the following part 1.5.
1.5 Factors of removal efficiency in coagulation /
flotation process
1.5.1 Colloidal nanoparticles
Nano-scaled particles could be generally found in water resources, since industrial prod-
ucts and waste tend to end up in waterways (e.g. drainage ditches, rivers, lakes, estuaries
and coastal waters) despite safeguards (Daughton, 2004; Moore, 2006). Nanoparticles
dispersed in water can be considered as hydrocolloids and can present colloidal properties.
A colloid is a type of chemical mixture in which one substance (e.g. nanoparti-
cles) is dispersed evenly throughout another (e.g. a solvent or a matrix). The
dispersed-phase particles, which remain in suspension within the medium that contains
them, have a diameter between approximately 5 and 200 nm according to Levine (2001).
A colloidal system may be solid, liquid, or gaseous. To begin with, we are going to
concern about forces between nanoparticles (colloidal particles) in water.
1.5.1.1 Interaction between colloidal particles (DLVO theory)
The Deryagin-Landau-Verwey-Overbeek (DLVO) theory describes the force between
charged surfaces interacting through a liquid medium (Liang et al., 2007; Israelachvili,
1991). It combines the effects of the van der Waals attraction and the electrostatic
repulsion due to the so called double layer of counterions; leaving aside any consideration
of entropic or steric stabilization.
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DLVO theory states that the expressions for the attractive potential energy, VA,
and repulsive potential energy, VR, can be combined to give the total interaction energy
function, VT (fig. 1.14), i.e.:
VT = VA + VR (1.3)
Figure 1.14: Schematic diagram of the variation of free energy with particle separation
according to DLVO theory
Van der Waals forces
The van der Waals forces comprise three different, but related contributions due to:
• The Keesom (orientation) interaction between randomly oriented dipoles, f1;
• The Debye (induction) interaction between a randomly oriented dipole and an in-
duced dipole, f2;
• The London (dispersion) interaction between a fluctuating dipole and an induced
dipole, f3.
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The forces of all three interactions between molecules decay with the seventh power of the
intermolecular distance (f1, f2, f3∝ 1D−7 ). At larger distances (D > 10 nm), the universal
dispersion force decays much faster, due to an effect referred to as electromagnetic
retardation. Thus, the net force of the van der Waals interactions between bodies in
aqueous solution is predominated by the dispersion interaction (Nguyen and Schulze,
2004).
For the van der Waals interaction between two particles, theoretical derivation
starts with the assumption that the particle separation distance D is much larger
compared to the two particle radii a1 and a2.
Figure 1.15: Schematic of the interaction between two particles
For spherical particles, the van der Waals interaction energy can be expressed as (Lu,
2008): when D >> a1 and a2,
VA = −A
6
{
2a1a2
R2 − (a1 + a2)2 +
2a1a2
R2 − (a1 − a2)2 + ln(
R2 − (a1 + a2)2
R2 − (a1 − a2)2 )
}
(1.4)
where A is the Hamaker constant, R is particle center-to-center distance, as shown in fig.
1.15; when D << a2 and a1,
VA = − A
12D
(
2a1a2
a1 + a2
)
(1.5)
For the particles with the same radius a, eq. 1.5 can be further simplified as:
VA = − Aa
12D
(1.6)
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Note that the interaction energies and forces directly depend on the Hamaker constant
A, which accounts for the material properties. The combining rules are frequently used
to determine approximate values for the unknown Hamaker constant in terms of known
constants. For example, Aij for two materials i and j in vacuum is related to the Hamaker
constants of each material in vacuum, Aii and Ajj, by
Aij =
√
AiiAjj (1.7)
The Hamaker constant A132 of the interaction between two materials 1 and 2 immersed
in medium 3 is calculated from the Hamaker constants Aij of each material using the
following combining rules:
A132 = A12 + A33 − A13 − A23 = (
√
A11 −
√
A33)(
√
A22 −
√
A33) (1.8)
From eq. 1.8 it follows that:
A131 = A12 + A33 − 2A13 = (
√
A11 −
√
A33)
2 (1.9)
Electrical double-layer force
The electrical double-layer as showed in fig. 1.16 is a structure that appears on the sur-
face of an object when it is placed into a liquid. This object might be a solid particle,
a gas bubble, a liquid droplet, or a porous body. It consists of two parallel layers of
ions. The first layer is the fluid layer of counterions adsorbed to the surface to neutralize
the surface charge (either positive or negative) of the object. The total neutralization of
the surface charge require the addition of counterions as the diffusion layer. This diffuse
layer is the second layer, because it forms from free ions in the fluid under the influence
of electric attraction and thermal motion. Within the diffuse layer there is a notional
boundary inside which the ions and particles form a stable entity. When the particle
moves (e.g. due to gravity), ions within the boundary move with it, but any ions beyond
the boundary do not travel with the particle. This boundary is called the surface of hy-
drodynamic shear or slipping plane. The potential that exists at this boundary is known
as the zeta potential, which is accessible to measurement by electrophoretic techniques
such as Zetasizer.
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Figure 1.16: Schematic of the electrical double-layer
The ratio of the coulombic potential to the thermal energy enables to estimate the thick-
ness of this double layer. The Debye length, κ−1 is defined where κ is mathematically
described by:
κ =
√
e2
∑
ni(∞)z2i
εε0kBT
(1.10)
where e is the charge on electron, ni(∞) is the number per unit volume of electrolyte
ions of type i with valence zi in the bulk solution far from the surface, kB is Boltzmann’s
constant, T is the absolute temperature (in Kelvin), ε0 is the permittivity of vacuum,
and ε is the relative permittivity (the dielectric constant) of the solution (ε = 80 for
ordinary water). The summation is over all the electrolyte ions in solution.
The quantity κ−1 has units of length and is referred to as the Debye length. In
the approximation of κ, the solution ionic strength, I = (
∑
ciz
2
i )/2, is often used. For
water at 25°C, one has κ = 3.288
√
I where κ is measured in nm−1 while both the ion
concentration ci and the ionic strength I
′ are measured in mol·L−1. Typical values of
κ−1 range from a fraction of a nanometer to about 100 nm.
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When the electric double layer around the particles is very extensive such as κa < 5,
an approximate electrostatic interparticle repulsion energy expression can be obtained
(Huang and Wang, 2009; Lu, 2008; Li et al., 2007):
VR = 2µεaζ
2 exp(−κD) (1.11)
where µ is the solvent permeability, ε is the permittivity, a is the particle radius, κ is
the Debye constant and ζ is the zeta potential.
When κa > 10, the electrostatic repulsion energy is:
VR = 2µεaζ
2 ln[1 + exp(−κD)] (1.12)
1.5.1.2 Non-DLVO theory
The theory DLVO is not effective in describing ordering processes such as the evolution
of colloidal crystals (an ordered array of particles, analogous to a standard crystal
whose repeating subunits are atoms or molecules) in dilute dispersions with low salt
concentrations. It also cannot explain the relation between the formation of colloidal
crystals and salt concentrations (Ise and Sogami, 2005).
For some time, the presence of physical forces in colloidal systems other than the
electrostatic force and the van der Waals force was surmised, particularly for the
interaction energies of particles separated by short distances (≤ 50 ◦A). Israelachvili and
McGuiggan (1988) reviewed forces between surfaces in liquids, and discussed several
systems in which the presence of unaccountable attractive and repulsive forces were
observed. They suggested that these deviations from classical DLVO theory were
due to the existence of additional forces rather than to a complete breakdown in the
DLVO theory (Oss et al., 1990). Fig. 1.17 presents a summary scheme of the various
interactions, which may be influential in governing colloidal processes and stability in
environmental systems (Grasso et al., 2002). For non-DLVO forces, hydrogen bonding
effect and steric interactions are more widespread.
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Figure 1.17: General schema of interactions in governing environmental colloidal processes
and stability (Grasso et al., 2002)
Hydrogen bonding
Colloidal interactions in environmental systems most often take place in the presence of
water molecules (Grasso et al., 2002).The hydrogen bond (5 to 30 kJ·mol−1) is stronger
than a van der Waals interaction, but weaker than covalent or ionic bonds.
Steric interactions
The steric interaction potential between colloidal particles imparted by adsorbed
polymer layers is directly related to their structure. Due to the complexity of these
interfacial structures, the steric potential may behave differently at different interparticle
separations (Dong et al., 2007). This part will be further presented in 1.5.1.3.
In summary, nanoparticles dispersed in water can be considered as one kind of
colloids. The model of DLVO theory that derived from an energy balance composed of
attractive and repulsive interactions described interactions and behavior of colloids or
surfaces. However, this model was unable to describe environmental colloidal behavior.
The structure of water inter alia has been implicated. Steric interactions resulting for
example from the adsorption of polymers on suspended particles may also play a role.
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1.5.1.3 Stability and destability of colloidal systems
Colloidal particles collide with each other due to the Brownian motion, convection,
gravity and other forces. Collisions may result in aggregation of the particles and desta-
bilization of the colloid. If a colloidal particle is brought to a short distance to another
particle, they are attracted to each other by the van der Waals force. If there is no coun-
teracting force, the particles will aggregate and the colloidal system will be destabilized13.
Electrostatic stabilization of colloids
The attraction of van der Waals forces can be counterbalanced by the repulsive coulomb
forces acting between the charged colloidal particles (Kuchibhatla et al., 2005). This
repulsive interaction can be further enhanced by changing pH or adding similarly charged
additives. The surface charge density which is usually given by the zeta potential value
indicates the degree of repulsion between adjacent, similarly charged particles in a
dispersion. For molecules and particles that are small enough, a high zeta potential
will confer stability, i.e. the solution or dispersion will resist aggregation. A low zeta
potential, on the contrary, tends to coagulate or flocculate the particles.
Polymeric stabilization of colloids
Apart from enhancing electrostatic repulsion, the stability of colloid can be strengthened
by attached polymeric molecules (steric stabilization in fig. 1.18a) or free polymer in the
dispersion medium (depletion in fig. 1.18b) (Shi, 2002). Depletion is also a destabilizing
mechanism (see next page).
Figure 1.18: Schematics of a. steric stabilization (high polymer) and b. depletion (very
high polymer) (Shi, 2002)
13Kopeliovich. D, Stabilization of colloids, http://www.substech.com.
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Steric stabilization is a mechanism that can explain the ability of certain additives to
inhibit coagulation of suspensions. These additives include certain hydrophilic polymers
and surfactants with hydrophilic chains. They are believed to cover particles in such
a way that long loops and tails extend out into solution. Particles that are sterically
stabilized tend to remain well dispersed even at high salt concentrations or under
conditions where the zeta potentials of the surfaces are reduced to near zero14. Depletion
stabilization involves non-adsorbing polymers added to stable colloidal suspensions. The
stability arises from the depletion of the concentration of free polymer between the
surfaces of the particles when they are in close proximity (Feigin and Napper, 1980).
Moreover, electrostatic, steric and depletion stabilization may be combined with each
other.
It has to be noted that the mechanisms mentioned above can not only stabilize,
but also destabilize the colloids. This can be accomplished by different methods (Kobler,
2008; Shi, 2002; Furusawa et al., 1999):
• Adding salts or solvents to a suspension or changing the pH of a suspension to
effectively neutralize the surface charge of the dispersed particles can accomplish
removal of the electrostatic barrier that prevents aggregation of the particles. This
removes the repulsive forces that keep colloidal particles separate and allows for
coagulation due to van der Waals forces.
Figure 1.19: Bridging flocculation: a. two particles by one polymer molecule; b. two
particles by two separately adsorbed polymer molecules (Shi, 2002)
• Particles that are stabilized by polymers can flocculate by the bridging mechanism
in two ways if these polymers are long. One is flocculation by the bridging of two
14Hubbe, M, 2010, Steric stabilization, Mini-Encyclopedia of Papermaking Wet-End Chemistry,
http://www4.ncsu.edu/ hubbe/Defnitns/StericSt.htm.
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or more particles by one polymer molecule (fig. 1.19a); the other is bridging by the
interaction of polymer chains adsorbed onto different particles (fig. 1.19b).
• Depletion flocculation suggests as the colloidal particles come closer together, the
intercolloidal region consists of a region that is depleted in polymer. The depletion
effect is induced by their osmotic pressure, due to the difference of polymer con-
centration between the inside and outside regions. Solvent between the colloidal
particles then tends to diffuse out to reduce the concentration gradient, causing the
colloidal particles to aggregate.
To sum up, the stability of colloid possibly evaluated by zeta potentials may be altered
via several methods (changing pH, adding salts, polymers or surfactants), which are of in-
terest to improve the capture efficiency and which will be investigated in the experimental
part.
1.5.2 Gas bubbles
Bubbles can form whenever the activity of dissolved gases in solution — as measured
by partial pressure — exceeds the ambient hydrostatic pressure. They grow or shrink
by diffusion according to whether the surrounding solution is over-saturated or under-
saturated with the dissolved gas relative to the pressure in the bubbles. As the solubility
of gas is proportional to the gas pressure in the bubbles and this pressure is exerted
by the surface tension in inverse proportion to the diameter of the bubbles, there is
increasing tendency for gases to dissolve as the bubbles reduce in size. Calculations
show that nanobubbles should only persist for a few microseconds. Larger micron-plus
sized bubbles can last much longer and have sufficient buoyancy to rise through the so-
lution and release contained gas at the surface before the gas dissolves15 (Scardina, 2004).
In contrast to the theoretical view, nanobubbles are commonly found on solid hy-
drophobic surfaces in solutions open to the air, where they appear to be quite stable.
Bunkin et al. (1996) considered that the stability of submicrobubbles resulted from their
charged gas/liquid interfaces, which could be repelled from each other. However, Zhang
et al. (2006) studied the impacts of monovalent and multivalent salts, cationic, anionic
15Chaplin, M., Nanobubbles, http://www1.lsbu.ac.uk/water/nanobubble.
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and nonionic surfactants, as well as solution pHs on the stability of nanobubbles; none
of them showed obvious effect. Zhang et al. (2008) proposed that if the inner density
of gas bubbles is sufficiently high, the lifetime of nanobubbles can increase by at least 4
orders of magnitude, and even approaches the timescale for experimental observations.
Ducker (2009) supposed that there is a film of contaminant at the air-water interface
that decreases the surface tension and thus the contact angle, and also hinders diffusion
of gases from the bubble, thereby increasing the lifetime.
Figure 1.20: Dependence of bubble zeta potential on solution pH in a background solution
of 10−2 M NaCl (Yang et al., 2001)
Anyway, the zeta potential of stable air bubbles was mesured by Yang et al. (2001); Yoon
and Yordan (1986); Han et al. (2004) and Li and Somasundaran (1992) under different
pH conditions. Generally, negative surface charge were observed. A thermodynamic
reason may explain this phenomenon. The enthalpy of hydration (∆H◦h) of H
+ and
OH− ions are −1104 and −446.8 kJ·mol−1 respectively. Due to this large difference in
hydration energies, H+ ions are more likely to stay in the bulk water phase than are
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the OH− ions; the latter are then more concentrated at the bubble surface. Although
the proposed mechanism explains why air bubbles should be negatively charged in pure
water, the charge density can vary with pH (Yoon and Yordan, 1986). The adsorption
of H+ ions onto the gas-liquid interface reduces the negative surface zeta potential as
shown in fig. 1.20 (Yang et al., 2001).
Similarly to colloidal particles, it is possible to modify the surface charge of gas
bubbles by different additives (Han et al., 2004; Li and Somasundaran, 1991, 1992). The
zeta potential of bubbles was measured in various solutions containing the metal ions
Na+, K+, Ca2+, Mg2+ and Al3+. It was observed that all of these positive salts, as well
as decreasing pH, were able to decrease the absolute surface charge, but Ca2+, Mg2+
and Al3+ could further change the sign of the bubble charge to positive under certain
conditions. Fig. 1.21 gives the bubble zeta potential versus solution pH for various AlCl3
concentrations (Yang et al., 2001).
Figure 1.21: Effect of AlCl3 concentration on bubble zeta potential in a 10
−2 M NaCl
solution (Yang et al., 2001)
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The effect of ionic surfactants on microbubbles was also investigated and proved that
the bubble charge was significantly affected by the polar head of the surfactant (Yoon
and Yordan, 1986). Fig. 1.22 shows zeta potential of nitrogen bubbles with adding two
surfactants.
Figure 1.22: Zeta potential of nitrogen bubbles in solutions of cetylpyridinium chloride
(CPC) and hexadecyltrimethylammonium bromide (HTAB) (provided by Graciaa’s re-
cearch team in Universite´ de Pau et des Pays de l’Adour, Pau, France)
1.5.3 The forces between nanoparticles and bubbles
The interaction between solid particles and air bubbles is particularly important for the
flotation process. When the distance between particles and air bubbles is relatively large,
hydrodynamic forces dominate the interaction between them. However, for a distance
of less than a few hundred nanometers, surface forces are critical in the bubble-particle
interaction (Ishida, 2007). The surface force interaction between a hydrophobic particle
and a gas bubble are mainly composed of the intermolecular (van der Waals), the
electrical (double layer), and the hydrophobic forces (Nguyen and Evans, 2004).
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Nguyen and Evans (2004) considered the intermolecular van der Waals force, FvdW ,
between a bubble and a particle as a function of the separation distance h was determined
from the Lifshitz theory based on quantum physics:
FvdW (h) = −dVA(h)
dh
(1.13)
VA(h) is the van der Waals interaction energy between the bubble and the particle which
can be refered to eq. 1.4.
Nguyen et al. (2001) estimated the van der Waals interaction in bubble-particle
attachment in flotation. Their analysis shows that van der Waals interaction in the
bubble-particle attachment is affected by electromagnetic retardation (the dispersion
interaction only) and electrolytes (the dipolar interactions only), and can be predicted
using the refractive index of mineral particles. The combining rules described in eq. 1.7
and eq. 1.8 are applicable when dispersion forces dominate the van der Waals interaction
and may fail when applied to a medium with high dielectric constant such as water —
the flotation medium. The complete formula for the Lifshitz-Hamaker constant can be
described in eq. 1.14, eq. 1.15 (Nguyen and Schulze, 2004):
A = −3kBT
2
∞∑
k=0
′ ∞∫
xk
x ln
{
1− ε1 − ε3
ε1 + ε3
ε2 − ε3
ε2 + ε3
e−x
}
dx (1.14)
=
3kBT
2
∞∑
k=0
′ ∞∑
m=1
{
ε1 − ε3
ε1 + ε3
ε2 − ε3
ε2 + ε3
}m
/m3 (1.15)
where kB is Boltzman’s constant (=1.381× 10−23 J·k−1); T is the absolute temperature;
ε is the relative permittivity. For air-water-quartz interaction, the van der Waals
interaction is repulsive only at the separation distance smaller than 50 nm, otherwise,
the interaction is attractive. Note that electrolytes and surfactants used as collectors and
frothers in flotation can affect the van der Waals interaction. The repulsive interaction
over longer range of separation distance can be obtained between an air bubble and a
quartz particle. More details have been described by Nguyen et al. (2001).
Pushkarova and Horn (2005) investigated surface forces between an air bubble and a
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flat mica surface and have noted that the van der Waals force acts like a “repulsion”
between the solid and the gas phase, in other words, it contributes to a positive disjoining
pressure that tends to create a stable aqueous film between them. The physical reason
for this is that they attract water to the solid more strongly than they attract gas, so the
gas appears to be repelled and (in the absence of any other force) a wetting film is formed.
The electrostatic interaction is another important factor which determines the at-
tachment between bubbles and particles. The electrical double layer force, Fe was
predicted using the Hogg-Healy-Fuerstenau equation:
Fe(h) = εε0κ
2piabap
ab + ap
2ζpζb exp (κh)− ζp2 − ζb2
exp (2κh)− 1 (1.16)
ap, ab are respectively the particle radius and bubble radius (Nguyen and Evans, 2004).
If the double-layer force is attractive, the attachment between bubbles and nanoparticles
is possible on condition that the van der Waals repulsion in the short range can be
overcome. Contrarily, it is difficult to attach them if the two surfaces have potentials of
the same sign. In this case, it is possible only if the magnitudes of the charge densities
are different. Indeed, charge regulation effects can cause charge reversal on the surface
of lower surface potential magnitude when the surfaces approach each other (Pushkarova
and Horn, 2005).
Anyhow, in the case of large particles, the positive disjoining pressure of the dou-
ble layer can be overcome by an inertial impact of particles. Thus, it is possible to
make the heterocoagulation due to the charge reversal or a hydrophobic force. However,
small particles (microflotation) do not undergo such an impact; approach occurs without
inertia and can be hampered by electrostatic repulsion (Mishchuk et al., 2001).
According to the DLVO theory, it is impossible to rupture the water film and at-
tach a hydrophobic particle onto a bubble when the two surfaces possess similar charges,
but the experiments present opposite results. Nguyen et al. (2003) and Ishida (2007)
have proposed that an additional (non-DLVO) attractive force, often referred to as the
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hydrophobic attraction or hydrophobic force, was considered to be the main origin of
water film rupture. In the case of hydrophilic spheres, the rupture of the intervening
water film and the attachment of the particle to the air bubble did not take place
(Englert et al., 2009; Nguyen et al., 2003).
Nguyen and Evans (2004) proposed that the hydrophobic force, Fhydrophobic can be
the key parameter controlling the bubble-particle interaction and hence the particle
attachment. The empirical correlation, by a double-exponential function for the
hydrophobic force between solid surfaces with the separation distance, h, was used:
Fhydrophobic =
abap
ab + ap
[Kexp(−h/λ′) +K∗exp(−h/λ∗)] (1.17)
where K and K∗ are the pre-exponential constants, λ′ and λ∗ are decay lengths obtained
from direct surface force measurements.
Nguyen et al. (2003) observed the jump of the hydrophobic particle in contact
with the bubble using the atomic force microscopy. They supposed that the distance of
hydrophobic force range was about 500-2000 nm, larger than the range of the van der
Waals force and the electrostatic force. However, the attractive hydrophobic force is
not enough to have the particle and the bubble attach. Other factors such as collision
probability, enough contact time and so on are also important.
1.5.4 Some other factors of capture efficiency in flotation pro-
cess
For efficient capture to occur between a bubble and a particle, they must first undergo a
sufficiently close encounter, a process which is controlled by the hydrodynamics. When
the bubble and the particle are close enough within the range of attractive surface forces,
the particle could slide and drain the liquid film on the bubble surface, leading to a
critical thickness at which rupture occurs (Ralstion et al., 1999). Since surface forces
are relatively short range to influence the collision, the particle capture process in DAF
is usually decomposed into collision, attachment and detachment (Nguyen, 2007; Wang
et al., 2003; Sarrot et al., 2007). The removal efficiency E of an isolated bubble-particle
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interaction is typically decomposed as eq. 1.18
E = EcEa(1− Ed) (1.18)
where Ec represents the collision efficiency between a bubble and a particle, Ea represents
the probability that a given bubble-particle collision results in successful bubble-particle
attachment, and Ed represents the probability of bubble-particle detachment before the
bubble-particle agglomerate rises to the foam layer (Ralstion et al., 1999; Leppinen,
1999; Huang, 2009).
1.5.4.1 Collision
The collision between a bubble and a particle is a prerequisite for the further possible
capture. The collision process is the particle and the bubble coming near each other
until surface forces work between them. As the particle size is much smaller than the
bubble size, the bubble surface is often considered as a deformable plane. However,
when the bubble surface is fully contaminated by surfactant, the collision process could
be treated like that the particle approaches a solid plane (Huang, 2009).
Since the liquid flow envelops the bubble surface, the particles are entrained to a
greater or a lesser extent by the liquid. The smaller the particles and the less different
their density relative to that of the medium, the weaker the inertial forces acting upon
them and the more closely the particle trajectory coincides with the liquid streamline.
Thus, at the same target distance fairly large particles move almost linearly (fig. 1.23
line 1) while fairly small particles move essentially along the corresponding liquid flow
(fig. 1.23 line 2) (Ralston et al., 2002; Dukhin et al., 1995).
The deviation of the trajectory of a small particle from the straight path to the
bubble surface at a distance of the order of the bubble size is caused by the long-range
hydrodynamic interaction (LRHI). The bubble causes a curving of liquid streamline and
thereby bends the trajectory of small particles; i.e. acts on them hydrodynamically due
to the liquid velocity field. For small particles, the forces of inertia are small compared
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with the LRHI. In the opposite case of large particles, the forces of inertia considerably
exceed the LRHI, which, therefore, can be neglected (Ralston et al., 2002; Dukhin et al.,
1995).
Figure 1.23: The influence of the inertia of particles on their trajectories in the vicinity
of the floating bubble. Trajectories of large (inertia, line 1) and small (inertia-free, line
2) particles at the same target distance b (Sjo¨blom, 2006).
In addition, the hydrodynamic interaction at distances comparable to the particle radius
has to be taken into account; this lets the particle trajectory deviate from liquid flow line
and is called the short-range hydrodynamic interaction (SRHI) (Dukhin et al., 1995).
For nanoparticles, the radius is so small that the SRHI and the LRHI can be neglected
compared with the surface forces. Far from the bubble surface, nanoparticles strictly
follow the liquid streamlines.
How nanoparticles overcome LRHI and reach the distances of surface forces range
plays an important role on the collision. Generally, Brownian diffusion and turbulent
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diffusion could contribute to this approach. Note that, even in turbulent flows, nanopar-
ticles follow the streamlines.
Brownian diffusion
Nanoparticles in water can move randomly due to the collisions of water molecules.
Between the two collisions, the nanoparticle moves with a constant velocity until the
next collision occurs or it touches a wall. In the limit of low Reynolds number, a
spherical nanoparticle with a radius a approaches a bubble by Brownian diffusion can
be described by the Stokes-Einstein relation as follows:
G =
kBT
6piηa
(1.19)
where G is the diffusion coefficient, kB is the Boltzmann’s constant, T is the absolute
temperature of solution and η is the viscosity of the medium (Huang, 2009).
Turbulent diffusion
The turbulence or agitation caused by bubbles motion is another factor that af-
fect the nanoparticles trajectory. The collision due to the turbulent diffusion can be
presented as eq. 1.20 when the Stokes number of turbulent flow Stt ≤ 1 (for small
particles and small bubbles) (Huang, 2009):
Stt =
τi
τj
=
τi√
υ/σ
(1.20)
where τi is the relaxation time, τj is the Kolmogorov timescale, υ is the kinematic
viscosity and σ is the kinetic energy dissipation rate.
The mechanism by which the bubbles and particles collide in the turbulent field
in the float tank is by turbulent transport through a spectrum of eddies of different sizes.
The particles and bubbles are in relative motion because of the general motion of the
bulk shear flow and the relative motions brought about by the turbulent fluctuations in
the liquid in the near neighborhood of the particle and bubble when they are in close
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proximity. In addition, the bubble and the particle will almost certainly be rotating
while translating (Fuerstenau et al., 2007). However, turbulent motion is no longer
effective at short distance close to the bubble surface, where the Brownian diffusion
certainly remains alone to carry the particles to further approach until the surface forces
act and make them attached.
1.5.4.2 Attachment and detachment
Figure 1.24: Typical frames for the glass bead-bubble attachment process (Wang et al.,
2003)
The attachment of a particle on an air bubble depends on the surface forces (presented
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in the part 1.5.3), but also the relative magnitude of the particle sliding time (collision
time) ts, and the induction time ti. Conceptually, if the sliding time determined by
motion characteristics between the particle and the air-liquid interface is longer than the
induction time, which is determined by hydrophobicity and the physico-chemical surface
properties (Nguyen et al., 1997), the particle will attach to the bubble, or else the particle
would leave the bubble. It was found that the hydrophilic particle slides on the top half of
the bubble, and then the particle leaves the bubble. The particle sliding velocity increases
with increasing angular position on the bubble surface. For the hydrophobic particle, it
was found that the particle slides over the entire bubble surface without detaching from
the bubble. A smaller sliding velocity is reached with the hydrophobic particle than with
the hydrophilic one at a given angular position (Wang et al., 2003; Huang, 2009). Fig.
1.24 are images of sequential particle sliding around an air bubble. Hydrophilic glass
beads and bitumen-coated hydrophobic glass beads are presented respectively in (a) and
(b) (Wang et al., 2003).
1.5.4.3 Size ratio between bubbles and particles
The relative size between bubbles and particles also influence capture efficiency. Han
(2002) demonstrated that for smaller particles, smaller bubbles are required to achieve a
higher efficiency. Similarly, for larger particles, larger bubbles are required. The optimum
ratio of particle to bubble size is around 2 to 1 for the calculated conditions. The optimum
bubble size also varies with particle density. Nguyen et al. (2006) showed the collection
efficiency to have a minimum at a particle size around 100 nm and fine bubbles size
of typical average diameter 150 µm from the theoretical and experimental results. For
these reasons, micro- or nanobubbles are required for the removal of nanoparticles, for
which the diffusion and colloidal forces control the collection. Size distribution of bubbles
generated from DAF method is in the order of 40 to 70 µm (Rodrigues and Rubio, 2003).
1.6 Conclusion
The recovery of nanoparticles from industrial wastewater to re-inject cleaner water
into nature, or from hydric resources to produce drinking water, will be an important
challenge in the near future because of the rapid development of nanotechnologies.
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Although it is still under study whether nanoparticles present toxicities due to their
nano-scales, it is necessary to begin researching how to separate these potentially
dangerous elements from water in case of risks.
CMP wastewater from the manufacture of integrated circuits and electronic chips
has been mentioned many times above. Because a large quantity of CMP effluents
enters in water resources, many researchers have dedicated their work to the separation
of solid particles from these effluents. However, very few of these studies concern the
separation of nanoparticles, although the majority of particles are in the nano-range.
The other inorganic or organic substances, the different sizes and the different particles
that compose these effluents will all affect the separation process. Nevertheless, previous
experience on CMP wastewater treatment is worth learning. According to Chang et al.
(2007), these effluents account for 95% of the total flow, and 73% of the biochemical
oxygen demand (BOD) and chemical oxygen demand (COD) of the effluents from the
industrial park of Hsinchu (Taiwan). The characteristic flow rate of rejection of these
liquid effluents for each factory is about 0.42 m3/h (Kin et al., 2006).
The studies of several research groups (Lai and Lin, 2003; Hu et al., 2005; Chin
et al., 2006; Kin et al., 2006; Lien and Liu, 2006; Yang and Tsai, 2006; Tsai et al.,
2007; Huang et al., 2004) give a better idea of their composition after a deep analysis
of some samples. To sum up, suspensions are mainly composed of silica (about 1000
mg·L−1 total Si), and an average size around 100 nm. These suspensions are stable, the
particles present a negative charge at the surface and the zeta potential of the suspension
|ζ| remains lower than 30 mV. Effluents are generally alkaline and contain numerous
metallic ions in solution.
After a review of some papers from CMP wastewater treatment (Lai and Lin,
2003; Hu et al., 2005; Chin et al., 2006; Lien and Liu, 2006; Yang and Tsai, 2006;
Tsai et al., 2007), flotation and/or coagulation were chosen to remove nanoparti-
cles from water. Since most of the studies dealing with CMP concern nano-silica
(SiO2) in residual water, as well as the existence of commercially available products
necessary for research purposes, SiO2 nanoparticles are confered to the quality of inter-
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esting candidate for developing wastewater treatment processes adapted to nanoparticles.
In order to improve the removal of nanoparticles from water, some basic knowl-
edge has to be developed first. This includes the properties of nanoparticles (e.g. size,
surface charge, and so on), the properties of bubbles and how to modify their surface
charges reversely to be well attached. The coagulation of nanoparticles will be ex-
plored in parallel because it may be difficult to capture nanoparticles with microbubbles,
and surfactants added to flotation process might also lead to flocculation of nanoparticles.
L’e´limination de nanoparticules d’effluents industriels dans l’ide´e d’envoyer dans la
nature une eau plus propre, ou bien de ressources en eaux naturelles, mais pollue´es,
pour produire de l’eau potable, risque fort d’eˆtre un challenge important dans un
futur proche a` cause du de´veloppement exponentiel des nanotechnologies. C’est ce
qu’a montre´ cette e´valuation de la situation. Meˆme s’il serait encore scientifiquement
imprudent pour des chercheurs en Ge´nie des Proce´de´s d’affirmer que les nanoparticules
sont toxiques, et que leur toxicite´ est lie´e a` leur taille nanome´trique, il semble d’ores
et de´ja` ne´cessaire de commencer a` pre´parer des me´thodes de se´paration pour certains
e´le´ments potentiellement dangereux.
Les effluents d’ateliers de pollissage me´canique et chimique de circuits et de puces
e´lectroniques (CMP) contiennent des particules de silice. Parce que ces effluents en
entrainent de grandes quantite´s dans les ressources en eau, plusieurs chercheurs ont
oriente´ leur travail vers leur se´paration. Cependant, tre`s peu de travaux concernent
la se´paration des particules nanome´triques, bien qu’elles constituent la majeure partie
du contenu solide de ces rejets. Les autres substances inorganiques et organiques, les
diffe´rentes tailles et les diffe´rents mate´riaux qui composent ces milieux aqueux spe´cifiques
seront autant d’e´le´ments intervenant dans l’efficacite´ des se´parations, comme c’est le
cas pour d’autres types de rejets. L’ensemble de ces parame`tres est loin d’eˆtre e´tudie´,
et ce ne sera pas le cas non plus dans nos travaux. Ne´anmoins, les premiers re´sultats
pre´sente´s dans la litte´rature concernant des expe´riences de se´paration sur des effluents
de CMP sont riches d’enseignements. D’apre`s Chang et al. (2007), ces effluents entrent
pour 95% du de´bit total, et 73% de la demande biologique en oxyge`ne (BOD) et de la
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demande chimique en oxyge`ne des rejets du parc industriel de Hsinchu (Taiwan). Le
de´bit caracte´ristique de rejet pour chaque atelier est d’environ 0.42 m3/h (Kin et al.,
2006).
Les e´tudes de plusieurs groupes de recherche (Lai and Lin, 2003; Hu et al., 2005;
Chin et al., 2006; Kin et al., 2006; Lien and Liu, 2006; Tsai et al., 2007; Yang and
Tsai, 2006) permettent d’avoir une meilleure ide´e de la composition des rejets, car
plusieurs e´chantillons ont e´te´ analyse´s en profondeur. En re´sume´, les suspensions sont
compose´es principalement de silice (environ 1000 mg·L−1 de silice), avec une taille
moyenne d’environ 100 nm. Ces supensions sont stables, les particules e´tant charge´es
ne´gativement, avec un potentiel zeta |ζ| restant plus petit que 30 mV. Les effluents sont
ge´ne´rallement alcalins et contiennent de nombreux ions me´talliques en solution.
Parmi les diffe´rents proce´de´s de se´paration pre´sente´s dans la litte´rature, il a e´te´
choisi de travailler sur le proce´de´ de flottation associe´ ou non a` une pre´-coagulation. Le
choix de mener cette premie`re e´tude avec des suspensions nanome´triques de silice s’est
impose´, d’une part a` cause du proble`me re´el lie´ aux rejets des ateliers de CMP, et, d’autre
part, parce qu’il existe sur le marche´ des suspensions de nanosilice facilement accessibles.
Deux produits ont e´te´ se´lectionne´s, de tailles moyenne 50 et 25 nm, commercialise´s sous
la marque Klebosol par Rhom and Hass Electronics Materials, France.
L’e´tude bibliographique sur la stabilite´ des suspensions collo¨ıdales a clairement
montre´ que pour e´viter de faire des expe´riences en aveugle dans le domaine de la
coagulation et de la flottation, il est primordial d’acque´rir des connaissances minimales
sur les proprie´te´s des suspensions devant eˆtre traite´es. Les techniques ade´quates doivent
d’abord eˆtre valide´es et teste´es, afin d’effectuer la caracte´risation initiale des suspensions,
mais aussi de suivre leur e´volution en cours de traitement. Ces de´veloppements, ainsi
que la pre´sentation et l’analyse des re´sultats de caracte´risation des suspensions de
nanoparticules font l’objet du chapitre 2.
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Dans l’objectif de se´parer efficacement les nanoparticles d’un effluent aqueux, il est
primordial de bien connaˆıtre leurs proprie´te´s (taille, potentiel de surface, pH, etc...), et
de mettre au point des me´thodes expe´rimentales pour e´valuer le proce´de´ de se´paration.
Cependant, la caracte´risation de supensions de nanoparticules peut eˆtre plus de´licate a`
mener que celle de mate´riaux plus classiques. Tout au moins, s’agissant de nouveaux
objets, non classiques pour les traiteurs d’eau, il convient d’eˆtre attentif aux re´sultats et a`
leur analyse, meˆme si certaines techniques utilise´es pour des particules microniques sont
transposables. Dans la mesure du possible, diffe´rentes techniques doivent eˆtre utilise´es
pour obtenir des renseignements comple´mentaires concernant le meˆme parame`tre, en
particulier la taille, mais ces diffe´rentes techniques ne donneront pas force´ment le meˆme
re´sultat!
L’objectif de cette partie de notre travail e´tait donc de valider un pannel de tech-
niques expe´rimentales ne´cessaires a` la caracte´risation de nanoparticules en suspension,
avec pour finalite´ le suivi de leurs proprie´te´s pendant le traitement propose´ (princi-
palement pendant l’e´tape de coagulation-agre´gation), et l’e´valuation de l’efficacite´ du
traitement.
Ces techniques sont de´veloppe´es avec deux suspensions de silice nanome´trique
commerciale Klebosol (Rhom and Hass). Les caracte´ristiques commerciales de ces
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deux suspensions sont pre´sente´es dans un premier temps. Les mesures des distri-
bution de taille des nanoparticules et de leurs agre´gats sont essentielles pour notre
e´tude. Plusieurs techniques ont e´te´ teste´es, et leurs re´sultats respectifs sont analyse´s
dans la troisie`me partie de ce chapˆıtre, apre`s une bre`ve pre´sentation des diffe´rentes
me´thodes qui pourraient eˆtre mises en oeuvre pour la caracte´risation de nanopar-
ticules en suspension. Le quatrie`me paragraphe concerne la mesure de la charge de
surface des nanoparticules. Le chapitre se termine avec des techniques et les re´sultats de
mesure du pH, de la conductivite´, de la teneur en solide et de la turbidite´ des suspensions.
In order to effectively separate nanoparticles from water, it is important to well
understand the properties (size, zeta potential, pH, etc...), and find out the suitable
methods to evaluate the separation process. However, the characterizations for nanopar-
ticles may have more difficulties compared with those of bulk ones. Different techniques
are usually needed to complement one another for more reliable results. Moreover,
it is worth to consider that different representations may be obtained from different
techniques.
The behaviors of silica-water interface (physico-chemical properties) could predict
some necessary data to better understand and explain the experimental results in the
nano-range. These preliminary work would contribute elements to the flotation and/or
coagulation processes in the next. On these bases, some factors affecting flotation
capture efficiency and/or coagulation are more likely to be easily proposed.
The objective of this part of the work is to validate a set of experimental tech-
niques that are necessary to characterize the suspension of silica nanoparticles as well as
to follow their properties during or at the end of a treatment process. The development of
these techniques has been performed with two commercial suspensions of nanosilica. The
claimed properties of these commercial products are firstly presented. The mesurements
of the nanoparticles and agregates size distribution are essential for this study. Several
techniques have been tested and their respective results are analysed in the third part
of this chapter, following a brief overview of methods and techniques for nanoparticle
characterization. The fourth paragraph concerns the measurement of the surface charge
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of the nanoparticles. Following the presentation of techniques are the results about pH,
conductivity, solid content and turbidity of the suspensions.
2.1 Klebosol colloidal silica suspensions
Because SiO2 nanoparticles represent a good material to focus on, the Klebosol range
of colloidal silica suspensions, purchased from Klebosol (Rohm and Haas Electronic
Materials, France), is the target for the study of nanoparticle removal from water. The
colloids are obtained by a liquid-phase process, which leads to silica particles that are
non porous, spherical, and creates highly stable and homogeneous suspensions.
Figure 2.1: Possible stabilization of Klebosol silica suspensions with Na+
Control of the particle growth during the process makes it possible to obtain suspensions
with different particle sizes that are inversely proportional to the specific surface.
Klebosol colloidal silicas are either anionic when they are stabilized with cations such
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as Na+, K+, NH+4 , or cationic when the stabilizer is an Al derivative. The possible
stabilization of Klebosol with Na+ is proposed as fig. 2.1; stability is obtained through
the addition of bases which generate negative charges on the particle surface1.
Some physical and chemical properties of Klebosol colloidal silicas are summarized
in table 2.1: particle sizes are calculated from BET surface area; weight percentage
(wsuspension) of all these products is 30% provided by Rohm and Haas Electronics
Materials.
Table 2.1: Physical and chemical properties of Klebosol colloidal silicas
(commercial data)
Klebosol silica suspensions 30R50 30R25 30R12 30HB50K 30CAL50
Particle sizea (nm) 50 25 12 50 50
Area (m2 · g−1) 50 120 200 50 50
density (20°C) 1.2 1.2 1.2 1.2 1.2
pH (20°C) 9 9 10 2.5 4
%Na2O < 0.2 < 0.2 < 0.45 - -
a Determined by BET
R = product protected against bacteria
CAL = cationic Klebosol
H = acidic Klebosol
In this work, we used only 30R50 and 30R25 suspensions. They are of the same type,
both stabilized by negative surface charge, and only differ by the mean particle size
(50 nm and 25 nm respectively following commercial data). The diluted suspensions
were prepared with ultrapure water. It has been assumed that the suspension used
in this work remain stable over the same concentration range (Tourbin and Frances, 2007).
The weight percentage of Klebosol silicas can be converted into volume percent-
age (φsuspension) in order to facilitate the preparation of the solution (hypothetic volume
change of the mixed suspension was ignored, Vsuspension = Vsilica + Vwater):
φsuspension =
Vsilica
Vsuspension
× 100% = Vsilica
Vsilica + Vwater
× 100% (2.1)
1Clariant Corporation, 2003, Klebosol — the colloidal silica, www.clariant.com.
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wsuspension =
msilica
msuspension
× 100% = ρsilicaVsilica
ρsilicaVsilica + ρwaterVwater
× 100% (2.2)
The density of Klebosol silica particles was measured using a helium pycnometer
by Tourbin (2006), ρsilica = 2.3692 g·cm−3. Thus, φsuspension and wsuspension can be
calculated from eq. 2.1, eq. 2.2 and be presented in table 2.2.
Table 2.2: The conversion between the weight percentage and volume percentage
wSiO2 (%) 30 21.2 16.4 11.3 5.8 3.5 1.2 0.36 0.12 0.04
φ (%) 15.3 10.2 7.7 5.1 2.5 1.53 0.5 0.15 0.05 0.015
Physical and chemical properties described in this part (2.1) are the commercial
data, the characterized results of the Klebosol colloidal silica suspensions are presented
in the following (part 2.3).
2.2 An overview of methods and techniques for
nanoparticle characterization
There are various techniques for detecting, measuring and characterising nanoparticles,
none of them can be identified as the “best” method but rather one method is chosen to
balance the restriction of others2.
The properties of nanoparticles include the size, the shape and the surface. Generally,
we can classify the characterizations into two ranges: the size and the physico-chemical
properties. The size measurement techniques consist of (Stamm, 2009):
2Measurement techniques for nanoparticles, University of Essex for Nanocap,
http://www.nanocap.eu/Flex/Site/Page.aspx?SectionID=504&Lang=UK.
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Ensemble analytical techniques Single-particle techniques
• Dynamic light scattering (DLS) • Scanning electron microscopy (SEM)
• Laser diffraction scattering (LDS) • Transmission electron microscopy (TEM)
• Low pressure impactor (LPI) or • Field emission gun
Electrical low pressure impactor (ELPI) scanning/transmission electron (FE STEM)
• Scanning mobility particle sizer - Energy dispersive spectrometry (EDS)
• Differential mobility analyser (DMA) - Electron energy loss spectroscopy (EELS)
• Field Flow Fractionation (FFF) • Atomic force microscopy (AFM)
• Centrifugal sedimentation
• Specific surface area (BET)
• Time of flight mass spectroscopy (ToF
MS)
in which the most widely used are SEM, TEM, DLS and AFM (force measurement).
For the size measurement issues, each type of measurement needs different sample
preparation and the measured size is defined differently.
The physico-chemical properties measurement techniques consist of (Stamm, 2009):
Ensemble analytical techniques Single-particle techniques
• Atomic/chemical structure • Surface composition
- Fourier transform infrared spectroscopy - Electron spectroscopy for
- Raman scattering (RS) chemical analysis ( ESCA) or
- X-ray absorption spectroscopy (XAS) X-ray photoelectron spectroscopy
- Extended X-ray absorption fine structure (XPS)
X-ray absorption near edge structure - Secondary ion mass spectroscopy
- X-ray and neutron diffraction (SIMS)
• Surface charge
- Zeta potential
• Surface reactivity
- Comparative microcalorimetry
68
2.2. An overview of methods and techniques for nanoparticle characterization
For the flotation/coagulation process, surface charge (zeta potential) is one of the
physico-chemical properties that could correlate the stabilization and destabilization of
nanosilica suspensions, thus it will be mainly studied after the size.
The size of nanoparticles is a key parameter that may influence the toxicities, the
choice of separation method and the separation efficiency. However, measuring
nanoparticle size is challenging because3:
• A specific instrument is required instead of what the uncertainty can be very large
at the nanoscale;
• It is hard to directly observe a representative sample;
• Indirect observation methods make risky assumptions.
Furthermore, different techniques may give different equivalent spherical diameters, since
the precise shapes of particles are often not spherical. There are several definitions applied
to describe the diameter of “equivalent sphere”4 (Allen, 1997):
Volume based particle size
The diameter of the sphere that has the same volume as a given particle;
Weight based particle size
The diameter of the sphere that has the same weight as a given particle;
Area based particle size
The diameter of the sphere that has the same surface area as a given particle;
Hydrodynamic or aerodynamic particle size
The diameter of the sphere that has the same drag coefficient as a given particle
(stokes’ diameter, relevant to sedimentation methods and dynamic light scattering);
Feret diameter
Mean value of the distance between pairs of parallel lines tangent to the two-
dimensional outline of a particle shape; note that the maximum value of the Feret
diameter is frequently quoted as the Feret diameter without qualification;
3Nanoparticle Size Measurement, Primet Precision Materials, Inc.,
http://www.primetprecision.com/index.php?id=14.
4Kippax P., 2010, Measuring particle size using modern laser diffraction techniques, Malvern Instru-
ments Ltd.
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Sieve diameter
Width of the minimum square aperture through which the particle will pass;
Diffraction diameter
The diameter of the sphere which generates the same deviation as that of the real
particle irradiated by light wave.
Another complexity in defining particle sizes is that in real systems they are practically
always polydisperse, which means that the particles in an ensemble have different sizes.
The notion of particles size distribution (PSD) reflects this polydispersity. There is often
a need of a certain average particle size for the ensemble of particles. Some representations
of the average particle size are as follows (Allen, 1997; Rawle, 2003):
The median particles size (mass median particle diameter)
The particle diameter that divides the frequency distribution in half: fifty percent
of total is composed of particles with a larger diameter and the fifty other percent
of particles with a smaller diameter.
The arithmetic median particles size (usually simply termed the mean
diameter) (d10 or D[1, 0])
The value of the arithmetic mean is sensitive to the quantities of particulate matter
at the extreme lower and upper ends of the distribution.
d10 =
∑
nidi∑
ni
The mode
The mode is the particle diameter that occurs most frequently, i.e. the highest
point of the frequency curve.
The geometric mean size
The terms are substituted for arithmetic mean diameter when incorporating loga-
rithms of numbers.
d = exp(
∑
ni ln di
N
)
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Sauter mean diameter (d32 or D[3, 2])
The average diameter based on unit surface area (Si) of a particle;
d32 =
∑
Sidi
S
=
∑
nid
3
i∑
nid2i
Volume or mass mean diameter (d43 or D[4, 3])
The average diameter based on the unit volume (Vi) of a particle.
d43 =
∑
Vidi
V
=
∑
nid
4
i∑
nid3i
Since different techniques give different means which may be very different, one has to
be aware of the deviation from the interconversion, and to distiguish between mean
diameter measured by the equipment and mean diameters calculated or derived from
the first measured diameter (Rawle, 2003).
After a review of characterizations for nanoparticles, the size and surface charge
of nanoparticles and their aggregates were primarily chosen to be measured, because
these two factors may be the key factors to the separation process. Other properties
such as pH, conductivity, solid content and turbidity were also analyzed in order to
better understand the process and to optimize conditions.
2.3 Characterization of particle size
The main technique used to measure the size of nanoparticles is photon correlation
spectroscopy (PCS) that is based on dynamic light scattering (DLS). However, the PSD
measures the particle size without any detailed information on the shape and the facets
of each particle. TEM that can directly produce picture of the particle surface is then
necessary to complete size information together with the DLS.
Laser diffraction scattering (LDS) is one of the classical methods to give the size
distribution of particles, but it is difficult to accurately measure the size at tens of
nanometers. It will then mainly be used to measure the sizes of aggregates.
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Fig. 2.2 gives a schematic of size measurement techniques used in this work. Mie
theory is the principle for LDS method, other light scattering theories are presented as
well in the part 2.3.1. The principle of each technique will first be described. Then the
measurements will be compared and discussed.
Figure 2.2: Techniques of size measurement used in this work
2.3.1 Light scattering theories
Mie theory
Mie theory is a complete analytical solution of Maxwell’s equations for the scattering
of electromagnetic radiation. It is a rigorous solution for the scattering intensity from
a spherical, homogeneous, isotropic and non-magnetic particle of any diameter d in a
non-absorbing medium. The mathematical formulation for the scattering pattern from
a spherical particle illuminated by vertically and horizontally polarized incident light
predicted by the Mie theory is very complex (Xu, 2000). The scattering intensity I(θ)
varies as:
I(θ) = I1(θ) + I2(θ) (2.3)
I1(θ) ∝
∣∣∣∣∣
∑
k=1
2k + 1
k2 + k
(akpik(cos θ) + bkτk(cos θ))
∣∣∣∣∣ 2 (2.4)
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I2(θ) ∝
∣∣∣∣∣
∑
k=1
2k + 1
k2 + k
(akτk(cos θ) + bkpik(cos θ))
∣∣∣∣∣ 2 (2.5)
where θ is the scattering angle, ak and bk are complex functions of light wavelength,
particle diameter and complex refractive indices of particle and medium, and pik and τk
are functions of cos θ. The formulations for ak, bk, k, and pik can be found elsewhere
(Brown, 1996).
Mie theory is the only theory that explains correctly the maxima and minima in
the plot of intensity with angle and will give the correct answer over all wavelengths,
sizes and angles5.
Rayleigh scattering
The size of a scattering particle is defined by the ratio (x) of its characteristic dimension
(r) and wavelength (λ):
x =
2pir
λ
(2.6)
Rayleigh scattering can be defined as scattering in small size parameter regime x << 1,
i.e. when the particle size is much lower than the wavelength of light. The amount of
Rayleigh scattering that occurs to a beam of light is dependent upon the size of the
particles and the wavelength of the light; in particular, the scattering coefficient, and
hence the intensity of the scattered light, varies for small size parameter inversely with
the fourth power of the wavelength. Scattering from larger spherical particles is explained
by the Mie theory for arbitrary size parameter x including small size parameter — in this
case Mie theory reduces to Rayleigh approximation. The intensity I(θ) of light scattered
by a single small particle from a beam of unpolarized light of wavelength λ and intensity
I0 is given by:
I(θ) = I0
1 + cos2 θ
2R2
(
2pi
λ
)4(
n2 − 1
n2 + 2
)2(
d
2
) (2.7)
where R is the distance to the particle, θ is the scattering angle, n is the refractive
index of the particle, and d is the diameter of the particle. Rayleigh scattering
is a good approximation to the manner in which light scattering occurs within vari-
ous media for which scattering particles have small size parameter. (Wang and Wu, 2007)
5Dynamic light scattering: an introduction in 30 minutes, Malvern Instruments Ltd.,
http://www.malvern.com/common/downloads/campaign/MRK656-01.pdf.
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Fraunhofer diffraction
Fraunhofer diffraction is applied when the particle is much larger than the wavelength of
light or when the materials are highly absorptive, the edge effect (diffraction) of particles
contributes more to the total scattered light. For light source at a relatively far distance
from the particles and when the light beams are homogenously parallel, only Fraunhofer
diffraction occurs. If particles also have refractive indices much different from that of the
medium or are highly absorptive (typically with absorption coefficients > 0.5), then the
simpler Fraunhofer theory applies. In this theory, a particle is assumed to be producing
a scattering pattern as it was an opaque circular disk of the same projected area placed
normally to the axis of the incident beam. This assumption frees the need to know the
material refractive index. Fraunhofer approximation is given by:
I(θ) ≈ (pid/λ)
2J21 (pid/λ sin θ)
sin2 θ
(2.8)
where J1 is the first Bessel function.
Since this theory only applies for large particles (typically > 30 µm), scattering
intensity is concentrated in the forward direction (θ < 10◦). The scattering intensity
is specific to a particle size distribution. Thus, if the light intensity distribution of the
particles to be measured is known, the particle size distribution can be determined.
The Fraunhofer theory provides a much easier analytical solution for particle sizing as
compared to the Mie theory. However, extra care must be taken in using this theory
because for particles with smaller refractive indices values, even though they have
large diameters, the effects of light transmitting or refracting through the particles can
invalidate the application. In this kind of situation, the more rigorous Mie theory has to
be used6 (Cooper, 1998).
6Ahmad. K, 2008, Particle size, Sizing Technique 3: Laser Diffraction, Photon Correlation Spec-
troscopy, Kulliyyah of Pharmacy, IIUM, http://staff.iiu.edu.my/akausar.
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2.3.2 Photon correlation spectroscopy
PCS is a technology based on DLS for probing the diffusion of particulate materials in
suspension. While a laser beam is shined through a liquid with suspended particles,
the beam scatters off of those particles in all directions, resulting in a scattering-angle-
dependent intensity pattern. As the particles are experiencing Brownian motion, the
intensity pattern also fluctuates randomly7. The PCS monitors the Doppler shifts8 in
which the change of the position of the particles results in changes of the phases, and
thus in changes of intensity pattern. Hence, the intensity pattern in a certain point
fluctuates with time (Sartor, 2003; La¨mmle, 2005).
Figure 2.3: Typical intensity fluctuations for large and small particles
For the purposes of particle measurement, the changes in light frequency is related to the
size of the particles. Due to their higher average velocity, smaller particles cause a greater
change in the light frequency than larger particles. It is this difference that is used
to determine the sizes of particles. Fig. 2.39 schematically illustrates typical intensity
7Gilman A. and Lloyd A., 2005, Dynamic light scattering — introduction, MXP Spring.
8The wavelength of light emitted by a moving object is shifted.
9Dynamic light scattering: an introduction in 30 minutes, Malvern Instruments Ltd.,
http://www.malvern.com/common/downloads/campaign/MRK656-01.pdf.
75
Chapter 2. Characterizations of nanoparticles: principles and results
fluctuations arising from a dispersion of large particles and a dispersion of small parti-
cles. The small particles cause the intensity to fluctuate more rapidly than the large ones.
The Stokes-Einstein relation for diffusion of small spherical particles < 3 µm (having
significant Brownian motion) with low Reynold’s number (Re) is a fluctuation-dissipation
relation presented in eq. 2.9:
Z =
kBT
3piηd
(2.9)
where Z is the particle diffusion coefficient, η is the solvent viscosity, T is the absolute
temperature and d is the particle diameter, kB is Boltzmann’s constant. The analyses
of the intensity fluctuations yield the diffusion coefficients and then, by using the
Stokes-Einstein relation, the particle sizes can be determined.
It has to be noted that the light-scattering process presupposes the scattered light
received by the detector without any further interference by other particles. The
cross-correlation or the autocorrelation can be used to evaluate whether the two light
signals correlate or not, and then distinguish between the intensity pattern of a single
particle and the intensity pattern of several particles. The multiple scattering can only
be avoided by carrying out the analysis at very diluted suspensions (La¨mmle, 2005).
The following two parts will describe the two instruments based on DLS that have been
used in this work.
2.3.2.1 Nanotrac
The Nanotrac NPA250 with an external probe is used for nanoparticle size analysis. As
presented in fig. 2.410, light from a laser diode (780 nm) passes through an optical beam
splitter in the Nanotrac probe and then strikes the sample. A sapphire window located
at the probe tip forms an interface between the sample and the probe (Vaidyanathan,
2006).
On one hand, the sapphire window reflects the original laser back through the beam
splitter to a photodetector. This signal which has the same frequency as the original laser
10Nanotrac — nanotechnology particle size measurement solutions, 2008, Microtrac Inc.
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Figure 2.4: The principle of Nanotrac
acts as a reference signal for detection, offering heterodyne detection. On the other hand,
the laser passes through the sapphire window and is scattered by suspended particles
which are moving under Brownian motion. The frequency of this laser is Doppler shifted
relative to the velocity of the particles it encounters. Light is scattered in all directions
including 180 degrees backwards. This scattered, frequency shifted light is transmitted
by the sapphire window through the optical beam splitter to the photodetector. These
signals of various frequencies combine with reference signal to generate a wide spectrum
of heterodyne difference frequencies. The power spectrum of the interference signal is
calculated and then inverted to give the PSD (Vaidyanathan, 2006).
The Nanotrac also incorporates a highly accurate temperature sensor in the probe. By
describing the fluid temperature and viscosity characteristics in the Nanotrac algorithm,
these parameters can be included in determining accurate PSD. Also, because the laser
light needs only to penetrate approximately 100 microns into the sample to generate
a power spectrum, the Nanotrac can accurately determine PSD at significantly high
concentrations (up to 40%)11.
11Nanotrac — nanotechnology particle size measurement solutions, 2008, Microtrac Inc.,
http://www.heathscientific.com/PDFs/Nanotrac.pdf.
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Some of the parameters obtained from Nanotrac NPA250 are12 (Vaidyanathan,
2006):
MI (Mean intensity diameter)
Mean diameter of the intensity distribution is calculated from the intensity (signal)
distribution. Intensity mean does not take into consideration the effects of refraction
and only reflects the relationship of the light signals detected. It is influenced by
the intensity of the signals, and the value is displayed only when the intensity
distribution is presented.
MV (Mean volume diameter)
Mean diameter of the volume distribution represents the center of gravity of the
distribution. This parameter is influenced by the presence of large particles in the
sample. It may be considered as a type of average particle diameter.
MN (Mean number diameter)
Mean diameter of the number distribution is calculated from the volume distribution
data and is influenced by presence of small particles in a sample. This parameter
is related more to the number of small particles in a population.
MA (Mean area diameter)
Mean diameter of the area distribution is calculated from the volume distribution.
This parameter is less influenced than MV by the presence of larger particles, and
therefore shows smaller particles. MA is a particle surface measurement.
2.3.2.2 Zetasizer NanoS
The Zetasizer NanoS from Malvern Instrument is used to analyze the PSD as well. A
typical DLS system of Zetasizer nanoS comprises of six main components (from 1 to 6
in fig. 2.513).
A laser (1) provides a light source to illuminate the sample contained in a cell
(2). For dilute concentrations, most of the laser beam passes through the sample, but
12Microtrac FLEX software operations manual, 2006, Microtrac, Inc.
13Zetasizer Nano Series User Manual, 2004, Malvern Instruments Ltd.,
http://www.nbtc.cornell.edu/facilities/downloads/Zetasizer%20Manual.pdf.
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some is scattered by the particles within the sample at all angles. A detector (3) is used to
measure the scattered light. In the Zetasizer NanoS, the detector position will be at 173◦.
An attenuator (4) is used to reduce the intensity of the laser source and hence
reduce the intensity of scattering when too much light is detected. For samples that do
not scatter much light, such as very small particles or samples of low concentration, the
amount of scattered light must be increased. In this situation, the attenuator will allow
more laser light through to the sample.
Figure 2.5: Optical configurations of the Zetasizer NanoS for DLS measurements
The scattering intensity signal from the detector is passed to a digital processing board
called a correlator (5). The correlator compares the scattering intensity at successive
time intervals to derive the rate at which the intensity is varying. This correlator
information is then passed to a computer (6), where the Zetasizer nanoS software will
analyze the data and derive size information. Fig. 2.5 shows the schematic of Zetasizer
NanoS for DLS measurements (Kaszuba et al., 2008).
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It has to be mentioned that Zetasizer NanoZS combining dynamic, static and
electrophoretic light scattering technologies enables to measure both particle size and
zeta potential. The two instruments have almost the same configurations. Further
information of Zetasizer NanoZS will be presented later in the part of surface charge
measurement 2.4.1.
Zetasizer series produce particle diameter information as Z-average size that is an
intensity weighted mean diameter calculated from the signal intensity. According
to Vaidyanathan (2006), the measurements from a Zetasizer may give an accurate
description of the diameter that is comparable with other methods of analysis only
if the samples contain spherical nanoparticles with a reasonably narrow distribution.
If not, the Z-average mean may not be a reliable measurement, and a distribution
analysis (using instruments like Nanotrac) could be expected to provide more accurate
peak positions. Nanotrac which can avoid the ambiguity of distribution approximation
methods is then mainly used to measure the size distribution, Zetasizer NanoS is also
applied to compare the results with those of the Nanotrac.
2.3.2.3 Sizes distribution of silica nanoparticles from DLS
The measurement of the size may be difficult to perform correctly with nanoparticles.
Measurement time and particle concentration could both affect the results and have to
be examined in advance. In addition, different size representations such as MI, MV,
MN could give different mean size. Because mean intensity diameter directly reflects
the light intensity detected, the influences of the measurement time and the particle
concentration on the measured particle size are studied using this representation.
Influence of the measurement time
For all samples, it was noted that there is a minimum measurement time that gives
correct result due to, among others, the low sensibility of DLS for big particles, and
the necessity of a minimum accumulated amount of signal (because the treatment of
the raw data to get a particle size distribution is made by autocorrelation). Numerous
measurements of the silica particles size were made with the probe of the Nanotrac. It
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is important to set a reasonable measurement procedure (measurement time) in view of
the characterization of the nanoparticles size during the treatment process.
Fig. 2.6 clearly shows that measurement time is influential to determine the par-
ticle size, whatever the particle concentrations. When the measurement time is short,
Figure 2.6: Hydrodynamic diameter of Klebosol 30R50 with different concentrations at
different measurement times
such as less than 30 S, the results of particle size are less stable than those of 30 S and 60
S. As measurement time increased, better results can be obtained; but it is not necessary
to prolong the time infinitely since very long measurement time makes results improved
limitedly. These experiments have been performed separately, so the suspensions could
be modified from one measurement to the other, leading to a little variation of results.
The particle concentration has an obvious effect on the results as well, which will be
examined below.
Considering the measurement time recommended by Nanotrac14 for a rapid analy-
14Nanotrac — nanotechnology particle size measurement solutions, 2008, Microtrac Inc.
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sis between 15 ∼ 30 S, and for a typical analysis between 30 ∼ 120 S, the average sizes
(d′) and the percentage of deviations ((d − d′)/d × 100%) of Klebosol 30R50 at 20 S,
30 S and 60 S are further investigated (fig. 2.7 and 2.8) in order to better evaluate the
effect of the measurement time.
Figure 2.7: Average sizes (d′) and percentage of deviation ((d−d′)/d×100%) of Klebosol
30R50 (0.015% and 0.05%)
From fig. 2.7 and 2.8, the average sizes of these samples nearly remain stable after
1000 S cumulated time. For φ = 0.015%, 0.05%, 0.15%, the results of average sizes at
measurement time 20 S, 30 S and 60 S do not converge together, but these differences
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Figure 2.8: Average sizes (d′) and percentage of deviation ((d−d′)/d×100%) of Klebosol
30R50 (0.15% and 1.5%)
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are so small (≈ 0.5 nm) that could result from the respective experimental conditions.
For the percentage of deviations, measurement time 60 S seems to have less fluc-
tuation in most of the conditions (φ = 0.015%, 0.05%, 1.5%). It is normal because the
Nanotrac presents a mean intensity diameter calculated already by the software. These
curves of the percentage of deviations show that results after the first measurements
approach and then converge each other. The average limit of them is less than 3%
except the first point of φ = 0.05% at the measurement time 20 S. This limit for all
the concentrations can further reach less than 0.5% when the percentage of deviations
converge.
Noted that even if cumulated time 1000 S can not surely confirm a stable result
(i.e. φ = 0.015%), it is then decided to set measurement time as 30 S. The particle
size without any change by aggregation can be measured in about 30 S. In this case, it
gives a result of 74.5 (±3%) nm. However, for the size varying with time such as in the
presence of aggregation, the measurement would give a mutative results with time.
Influence of particle concentration
Fig. 2.9 and 2.10 shows the variation of the nanoparticle size measured by Nanotrac
versus the volume concentration for 30R50 and 30R25 respectively. For the very dilute
suspensions: φ < 0.5% for 30R50 in fig. 2.9 and φ < 0.15% for 30R25 in fig. 2.10,
the mean sizes determined by Nanotrac are almost independent of the concentrations.
Within the range, the particle interactions can be neglected and the mean hydrodynamic
diameter is calculated by directly applying the Stokes-Einstein law. Above this range,
the mean size decreases with silica concentrations. This trend can be explained by a
modification of the structural factor due to the interaction between particles (Xu, 2000)
and/or by multi-scattering of light in the colloidal suspensions. We can then conclude
that good results for the determination of the particle size by DLS can only be obtained
in diluted conditions. Normally, it will always be the case during the water treatment
processes.
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Figure 2.9: Average sizes of 30R50 with different concentrations
Figure 2.10: Average sizes of 30R25 with different concentrations
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Comparison between the Zetasizer NanoS and the Nanotrac measurements
Fig. 2.11 and 2.12 are evolutions of the hydrodynamic diameter of Klebosol 30R50 and
30R25 nanoparticles analysed by the Zetasizer NanoS and the Nanotrac. In both curves,
the mean intensity diameter are compared.
Figure 2.11: Comparison of mean diameters versus volume concentrations from Zetasizer
NanoS and Nanotrac for 30R50
Figure 2.12: Comparison of mean diameters versus volume concentrations from Zetasizer
NanoS and Nanotrac for 30R25
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Comparing the measurements for the entire concentration range of Klebosol 30R50, as
it can be observed, the particle size is almost constant with both apparatus for the same
concentration range (φ < 0.5%), but the diameter measured with the Zetasizer NanoS is
a little larger (∼ +6 nm) than with the Nanotrac. This difference is probably due to the
different experimental devices or size calculation algorithms but it is almost insignificant
when comparing with the standard deviation (about 2.5 nm for each apparatus). For
Klebosol 30R25, below 0.15%, the Zetasizer NanoS and the Nanotrac nearly present the
same results.
Influence of different representations
The particle size results discussed above are all expressed as mean intensity diameters
(MI) coming directly from the measured intensity distribution, but mean volume (MV)
diameters and mean number (MN) diameters could also be calculated by Nanotrac. Fig.
2.13 gives the comparison of MI, MV and MN for the same sample.
Figure 2.13: Comparison of different representations of 30R50 0.15% at measurement
time 30 S, the mean size of intensity is 75.1 nm, the mean size of volume is 67.4 nm and
the mean size of number is 59.9 nm
The reason of MN<MV<MI in fig. 2.13 should be as follows: MV which gives a size
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distribution after autocorrelation with the removal of refraction effect is then a little
smaller than the size distribution (MI) from original light signals; the fact that MN
distribution is the smallest reflects the existence of a large number of small particles.
Since the difference among these representations is not great, MI is mainly applied to
represent particle size distribution and the mean value.
On the above basis, fig. 2.14 and fig. 2.15 give the PSD of Klebosol 30R50
(0.15%) and 30R25 (0.15%) by Nanotrac at measurement time T=30 S, from which
30R50 has an average size of about 75 nm and 30R25 has an average size of about 30
nm.
Figure 2.14: Size distribution of Klebosol 30R50 by Nanotrac
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Figure 2.15: Size distribution of Klebosol 30R25 by Nanotrac
2.3.3 Laser diffraction scattering (LDS)
Laser diffraction is the most widely used technique for particle size analysis. During the
measurement, particles are passed through a laser beam. These particles scatter light at
an angle that is inversely proportional to their size (small particles scatter light at high
angles whereas large particles scatter light at low angles). The angular intensity of the
scattered light is then measured by a series of photosensitive detectors. Besides scattering
angles and thanks to measurements of the wavelength and polarization of light, it gives
information about PSD, based on applicable scattering models. The most rigorous and
comprehensive prediction of the light scattering behavior of particles is embodied in Mie
theory15.
2.3.3.1 Mastersizer 2000
Mastersizer 2000 from Malvern Instruments was mainly applied to analyze aggregations
of nanosilica suspensions in this work. Fig. 2.16 shows a typical system of laser diffrac-
tion in Mastersizer 2000. The blue-light detection system is used in conjunction with a
15Kippax P., 2004, Online exclusive: measuring particles with laser diffraction, Malvern Instruments
Ltd.
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Figure 2.16: Schematic of laser diffraction in Mastersizer 2000
traditional red light source, yielding unparalleled submicron particle size measurement
performance. The angle sampling by each detector in the Mastersizer 2000 increases
logarithmically as the angle increases, optimising then the sensitivity in both the coarse
and fine particle fraction. Mastersizer 2000 software, allows sizing across the dynamic
range (0.02 µm to 2000 µm)16. Since the size of Klebosol 30R50 is in this range, its size
distribution is also characterized by Mastersizer 2000.
2.3.3.2 Size distribution of silica nanoparticles from Mastersizer 2000
Size distributions of 30R50 given by Mastersizer 2000 (LDS) and Nanotrac (DLS) are
compared in fig. 2.17. For ordinate, the intensity distribution of Nanotrac has been
changed to volume in order to compare with Mastersizer 2000, the latter generates
equivalent volume mean.
The size distribution from Mastersizer 2000 (0.02 µm to 2000 µm) is greater and
wider compared with size distribution of Nanotrac in fig. 2.17. Since the Nanotrac is
designed specially for nanoparticles (from 0.8 nm to 6 µm), it may give more precise
results in this size domain. However, the comparison of DLS data and LDS data is
necessary in order to verify whether the large particles exist in the initial suspension. If
it was the case, DLS instruments would require filtration out large particles due to their
16Malvern Instruments Ltd., 2005, Mastersizer 2000 — advanced technology made simple,
http://www.malvern.com/common/downloads/MRK501.pdf.
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too much light production and automatically truncates DLS size distribution on the
large particles end17. Fig. 2.17 confirms that no aggregate exist in the initial feedstock
of nanoparticles.
Figure 2.17: Comparison of particle size distribution 30R50 obtained from Mastersizer
2000 and Nanotrac, the ordinate is presented as percentage per nanometer
2.3.4 Transmission electron microscopy (TEM)
In order to obtain more details on the sizes of nanoparticles, TEM was applied to
complete the informations given by DLS and LDS. TEM uses a high energy electron
beam transmitted through a very thin sample to image and analyze the microstructure
of materials with atomic scale resolution. The electrons are focused with electromagnetic
lenses and the image is observed on a fluorescent screen, or recorded on film or digital
camera. The electrons are accelerated at several hundred kV, giving wavelengths much
smaller than that of light (200 kV electrons have a wavelength of 0.025
◦
A). However,
whereas the resolution of the optical microscope is limited by the wavelength of light,
17Dukhin A., 2010, Particle size measurement, Dispersion Technology Inc.
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that of the electron microscope is limited by aberrations inherent in electromagnetic
lenses, to about 1− 2 ◦A (Arceo et al., 2008).
Microscopic evaluation allows to “really” see the particles and evaluate their range
of shapes and sizes and often gives a great deal of information comparing with other
methods. However, the number of observed particles is usually small, so representative
sampling becomes critical in the measurement.
2.3.4.1 Image of silica nanoparticles from TEM
The suspensions Klebosol 30R50 and 30R25 were observed by TEM JEOL 100CX and
Philips CM20 200 kV in fig. 2.18. A droplet of suspension is put on a carbon coated
copper grid which is dried under vacuum before observation. The particles distribution
is not monodispersed for 30R50. Indeed, we can see two populations: particles of about
90 nm in diameter and smaller ones of about 40 − 50 nm. For 30R25, which is most
monodispersed, the average size is about 37 nm. The particles are almost spherical in
fig. 2.18. TEM observations are important to validate other size measurements like
DLS, but it is difficult to know if agglomerates that can be observed by TEM have been
created during the drying of the drop or if they were present in the suspension.
Figure 2.18: TEM observations of 30R50 and 30R25
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It can be observed that while the TEM observations show 2 populations for 30R50, the
PSD from Nanotrac and Mastersizer 2000 are monodispersed. The differences could be
due to the distribution determined by DLS and LDS that are quite wide which may
incorporate the two populations observed by TEM. In addition, the two populations
of 30R50 may also contribute to the difference of its hydrodynamic diameters from
Zetasizer NanoS and Nanotrac in fig. 2.11, because the Zetasizer NanoS might be
inaccurate for a wide size distribution or polydisperse distribution (see part 2.3.2.2). It
is clear that these techniques are complementary.
From fig. 2.18 there is no individual nanoparticles larger than 100 nm, but the
size distribution from LDS shows a large amount of nanoparticles in this range, which
are certainly not accurate. The aggregates > 200 nm seen in fig. 2.18 are not found
from LDS, so they should be created during the sample drying. Table 2.3 presents the
particle size of Klebosol 30R50 and 30R25 obtained from Nanotrac and TEM.
Table 2.3: Comparison of the sizes of colloidal silica suspensions between Nanotrac and
TEM
Klebosol nanoparticles da (nm) d1 (nm) d2 (nm)
30R50 75 ∼ 45 ∼ 90
30R25 30 ∼ 37 -
a Mean intensity diameter from Nanotrac
“-” because 30R25 is monodispersed
To conclude, several methods such as the DLS, LDS and TEM have been applied to
analyse the size of nanoparticles, but none of them is full-scale. In fact, each technique
demands the sample preparation differently and gives different representative size. The
combination of these techniques will give relatively more reliable results that is important
for the further work.
2.4 Characterization of zeta potential
Another important parameter of nanoparticles is their zeta potentials which have been
presented in 1.5.1.1. The existence of electrical charges on the surface of particles results
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in certain effects under the influence of an applied electric field. When an electric
field is applied across an electrolyte, charged particles suspended in the electrolyte
are attracted towards the electrode of opposite charge. Viscous forces acting on the
particles are opposed to this movement. When equilibrium is reached between these two
opposing forces, the particles move with constant velocity which is commonly referred
to as its electrophoretic mobility. It is the electrophoretic mobility that we measure di-
rectly with the conversion to zeta potential being inferred from theoretical considerations.
With this knowledge we can obtain the zeta potential of the particle by applica-
tion of the Henry equation:
UE =
2εζf(ka)
3η
(2.10)
where ζ is zeta potential, UE is electrophoretic mobility, ε is dielectric constant, η is vis-
cosity and f(ka) is Henry’s function. Two values are generally used as approximations for
the f(ka) determination. For particles larger than about 0.2 µm dispersed in electrolytes
containing more that 10−3 molar salt, f(ka) is 1.5 and is referred to as the Smoluchowski
approximation. For small particles in low dielectric constant media, f(ka) becomes 1.0
and allows an equally simple calculation18.
2.4.1 Zetasizer NanoZS
A zeta potential measurement system of Zetasizer NanoZS comprises six main components
which are the same as fig. 2.5, only adding a pair of electrodes and a dedicated detector
positioned at ∼ 8◦ angle. When an electric field is applied to the cell, any particles moving
through the measurement volume will cause the intensity of light detected to fluctuate
with a frequency proportional to the particle speed. A detector sends this information to
a digital signal processor, and then to a computer, on which the Zetasizer Nano software
produces a frequency spectrum from which the electrophoretic mobility and hence the
zeta potential information is calculated.
18Zetasizer Nano Series User Manual, 2004, Malvern Instruments Ltd.,
http://www.nbtc.cornell.edu/facilities/downloads/Zetasizer%20Manual.pdf.
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2.4.2 Zeta potential measurement of silica nanoparticles
The zeta potential (ζ) measurements were used to provide an indication of the surface
charge present on the particles when they were in aqueous suspension. It is known that
the magnitude of the zeta potential gives an indication of the potential stability of the
colloidal system. For the initial silica suspensions 30R50 and 30R25, the very high and
negative zeta potential measured (in absolute value |ζ| > 30 mV in fig. 2.19) confirmed
that the stability of the system was ensured by the repulsive interaction. The results
agree with those of Schwarz et al. (2000); Xing (2006) who have demonstrated that the
zeta potential of silica is negative at pH > 3 and |ζ| increases with increasing pH. In our
study, all of the concentrations of 30R50 and 30R25 have pHs higher than 5 without
adding HCl.
Figure 2.19: Zeta potential distribution of Klebosol 30R50 and 30R25 silica nanoparticles
The effect of pH on the zeta potential has been checked (see fig. 2.20 and 2.21). By
adding HCl or NaOH in the Klebosol 30R50 and 30R25 suspensions, zeta potential can
be changed with the changing pH. The isoelectric points (ζ ≈ 0) of silica is usually
between 2 and 3 (Sokolov et al., 2006; Schwarz et al., 2000), but for 30R50 and 30R25
(φ = 0.15%) nanosilica, no isoelectric points were found when pH ≥ 2.
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Figure 2.20: The zeta potential-pH profile and hydrodynamic diameter-pH profile for
Klebosol 30R50 0.15%
Figure 2.21: The zeta potential-pH profile and hydrodynamic diameter-pH profile for
Klebosol 30R25 0.15%
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The average size of 30R50 0.15% near the isoelectric point is about 90 nm (pH ≈ 2),
compared with 77 ∼ 79 nm for the same suspension under other pH conditions in fig.
2.20. For 30R25, the average size at pH ≈ 2 is about 37 nm, compared with about 30 nm
under other pH conditions in fig. 2.21. The hydrodynamic diameters are a little greater
at low pH (∼ 2) maybe on account of the higher viscosity of water which decreases
the diffusion coefficient of the particles in the medium and then increases the particles
diameter calculated by the softwave based on the Stokes-Einstein law or the decreasing
electrostatic repulsions.
Figure 2.22: The possible combination of Klebosol 30R50 suspension at low pH
It’s worth noting that no coagulation of 30R50 and 30R25 were observed in all of pHs,
but their zeta potentials can be modified to |ζ| < 10 mV. This is different to usually
reported results where |ζ| < 30 often means destabilization. Fig. 2.22 gives the possible
reason of the stabilization of nanosilica at very low pH (then low |ζ|). The formation of
hydrogen bonds between SiO2 nanoparticles and water could keep the suspension at a
stable state. However, the stability at pH ≥ 3 should be mainly because of the repulsive
interactions due to the negative surface charge of SiO2 nanoparticles.
The water behavior on the silica surface may help to better understand this phe-
nomenon. Investigators (Papirer, 2000) have detected by a variety of spectroscopic
techniques including FTIR, Raman and NMR that silanol (—SiOH) and siloxane
(—SiO−) groups are at the surface of quartz.19 In the presence of molecular water,
19the “—” sign indicates surface species; (—SiOH) was directly analyzed, but not (—SiO−)
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the silanol groups ionize, producing mobile protons that associate-dissociate with the
surface to impart an electricle conductivity to the surface. As these groups dissociate,
hydronium ions are produced (such as fig. 2.22) which diffuse from the surface to develop
a pH-dependent surface charge and potential. This model of bulk silica surface behaviors
may help to interpret the results of nanosilica. However, it is hard to conclude on the
only basis of the measured size evolution as a funtion of pH.
In this part, the zeta potential of the nanoparticles was measured in order to pre-
dict the suitable conditions for the removing process (coagulation or flotation), which is
mainly controlled by the interfacial forces. Klebosol silicas 30R50 and 30R25 have been
confirmed to be stabilized by negative interactions, and changing pHs have no obvious
effect on the destabilization.
2.5 pH measurement
The pHs of the Klesobol suspensions may change slowly with time by the adsorption of
CO2 in the environment, so the results of pHs may decrease after a period of time if the
samples were not well sealed. The pHs of recently made 30R50 and 30R25 under different
concentrations are presented in table 2.4. Lower concentrations of silica suspensions have
lower pHs, especially for 30R50 whose pH clearly decreases. This is certainly due to the
fact that the ultrapure water used to dilute nanosilica suspensions has a pH≈ 5. The
pH values in our work are measured by a pH-539 PH meter (WTW) with a SenTix 41
pH-electrode.
Table 2.4: pHs of Klebosol nanosilica suspensions
Volume concentration(%) 0.05 0.15 0.51 1.5 5.1 15.3 On databasea
pH of 30R50 6.70 6.83 7.79 8.55 8.54 8.81 9
pH of 30R25 8.42 8.76 8.82 8.83 8.80 9 9
a The volume concentration is 15.3%.
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2.6 Conductivity measurement
The conductivity is measured because the concentration of salts may have great effects
on the stability of nanoparticles. The conductivity is a cumulative parameter for the
ionic concentration of a solution. The more salt, acid or alkali are in a solution, the
greater its conductivity. A LF 538 conductivity meter (WTW) and a Tetracon 325 probe
which has 4-electrode cell with built-in temperature sensor were used in the work.
Table 2.5: Conductivity of Klebosol nanosilica suspensions
Volume concentration(%) 0.05 0.15 0.51 1.5 5.1 15.3
Conductivity of 30R50 3.28 7.42 15.55 40.7 124.7 347
Conductivity of 30R25 5.34 10.95 26.6 66.8 158.4 451
The unit of conductivity is µS · cm−1.
Table 2.5 shows the conductivities of Klebosol 30R50 and 30R25 under different
concentrations. The conductivies of 30R25 are larger than those of 30R50 at the same
volume concentrations because smaller particles have faster mobility; and at a fixed
volume, higher surface of smaller particles results in more possibly siloxane.
This may also depends on the ions in solution that will have a greater mobility
than the nanoparticles. As it has been mentioned that Na2O < 2% was added in
Klebosol 30R50 and 30R25 by the manufacturer, leading to great conductivity and
high pHs in the work. Since the issues involving the zeta potential, the pH and the
conductivity of nanosilica suspensions greatly depend on silica surface behaviors and the
ions in the solution, a brief review of silica-water interaction is presented here.
Taking into account the results in our work and the knowledge on bulk silicas, a
triple-layer model for the distribution of complexes on silica surfaces in aqueous solution
can be described in fig. 2.23 and 2.24 (Papirer, 2000). Three electrostatically charged
regions are defined as the o, β, and p imaginary planes. The positioning of each
plane is determined by the distance of cations from the silica surface structures by
direct binding (o plane) or electrostatic approach of solvated ions (β plane). The p
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Figure 2.23: A triple-layer model to describe a silica-water-Na+ interface: each layer has
an associated interfacial potential ψi (v), and charge density σi (C/m
2) that determine
the inner (C1) and outer (C2) layer capacitance (F/m
2) (Papirer, 2000)
Figure 2.24: Schematic representation of the corresponding charge distribution and po-
tential decay away from the surface (Papirer, 2000)
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plane are full of negative counterions such as OH− and other weakly bound cations.
The potentiometric titration data and co-ordination theory suggest Na+ is prevented
from specifically binding to the surface of silica because of shielding by its own solva-
tion sphere. If this mode comes into existence, three complexes: —SiOH, —SiO− and
—SiO· · ·Na+ would keep balance and occupy all the sites of silica surface (Papirer, 2000).
Although the model of fig. 2.23, 2.24 could not be directly verified, it still pro-
vides information for the further study of the coagulation process. So far, the above
characterizations are to understand the properties of Klesobol silicas; but for the sepa-
ration process, it is important to develop a proper method to represent the separation
quality.
2.7 Solid content analysis
Analyzing solid content of water before and after the coagulation of flotation process
may directly give information on the separation quality, but for nanoparticles, especially
very diluted suspensions, it is uncertain that the solid content analysis can be realized.
The original Klesobol silicas have solid contents of 30% in mass provided by the
manufacturer. These values were further verified by Sartorius MA 145. In this technique
based on thermogravimetry, a sample of material is weighed, heated by an infrared
radiation and the sample mass is continuously measured during the drying process.
Because the volatile content of the solid is only water, the loss on drying technique gives
a measure of solid content.
According to the analysis, the weight percentage of Klebosol 30R50 and 30R25
are respectively about 30.5% and 28.7% after drying 30 min under 105◦C. The solid
contents of very dilute suspensions failed to be measured by this method. It is then
necessary to search other ways to represent separation quality.
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2.8 Turbidity measurement
Turbidity is an indication of the clarity of water. Its value mainly relates to the sizes
and the numbers of particles. The most accurate way to measure turbidity is by the
nephelometric method, which shines a concentrated beam of light in a water sample,
and then measures the amount of scattered light at a 90◦ angle for the light source.
More light reaches the detector if there are lots of small particles scattering the source
beam than if there are few. The amount of scattered light is then reported in NTUs
(Nephelometric Turbidity Units).
Turbidity of nanosilica suspensions were measured with a 2100N-IS Turbidimeter
(Hach). The optical system includes an 870 ± 30 nm light emitting diode (LED)
assembly and a 90◦ detector to monitor scattered light. The instrument measures
turbidity up to 1000 NTU20.
Table 2.6 and 2.7 give the results of the turbidity of Klebosol 30R50 and 30R25
respectively. In table 2.6, Klebosol 30R50 is diluted to 0.000015%, more diluted
suspensions can not change much the results. For 30R25 in table 2.7, the most diluted
suspension is 0.0005%; below this concentration, the turbidity values change very little.
Table 2.6: Turbidity of Klebosol 30R50 under different concentrations
Volume concentration (%) 0 0.000015 0.00005 0.00015 0.0005 0.0015 0.005
Turbidity of 30R50 (NTU) 0.073 0.258 0.349 0.469 1.07 2.62 8.32
Volume concentration (%) 0.015 0.05 0.15 0.51
Turbidity of 30R50 (NTU) 23.8 73.4 206 622
Fig. 2.25, 2.26 present that the logarithmic turbidity of 30R50 and 30R25 varies almost
linearly with the logarithm of volume concentration, which is useful for the concentration
determination via turbidity measurement. For 30R50, from 0.00005% to 0.51% (turbidity
20HACH data sheet, 2009, 2100 series laboratory tubidimeters, http://www.hach.com.
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Table 2.7: Turbidity of Klebosol 30R25 under different concentrations
Volume concentration (%) 0 0.0005 0.0015 0.005 0.015 0.05 0.15
Turbidity of 30R25 (NTU) 0.073 0.268 0.368 0.722 1.62 4.02 8.04
Volume concentration (%) 0.51 1.53 5.1 15.3
Turbidity of 30R25 (NTU) 20.6 39.8 62.3 63.8
Figure 2.25: Experimental evolution of turbidity with the particle concentration for Kle-
bosol 30R50
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Figure 2.26: Experimental evolution of turbidity with the particle concentration for Kle-
bosol 30R25
from 0.5 and 622 NTU) and for 30R25, from 0.0015% and 1.53% (turbidity from 0.7 and
40 NTU), the relations between turbidity (ordinate y) and concentration (abscissa x)
can be given as eq. 2.11 and 2.12:
lg y = 0.9033 lg x+ 3.0357, R2 = 0.9982 (2.11)
lg y = 0.6914 lg x+ 1.4865, R2 = 0.9988 (2.12)
Thus, the turbidity can be used to indirectly analyze nanoparticles concentration after
separation process. However, when there are aggregates, the turbidity values may no
longer be correct to predict particle concentrations. The size distribution of clarified
water after treatment will also be analyzed with the Nanotrac to complement the
information given by the turbidity.
Au de´but de cette e´tude, nous avons de´cide´ de travailler avec des suspensions de
nanoparticules de silice, car, d’une part, comme l’a montre´ l’e´tude bibliographique,
les rejets de ces nanoparticules consituent d’ores et de´ja` un proble`me industriel
qu’il conviendrait de re´gler, et, d’autre part, il e´tait alors possible d’obtenir assez
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simplement des produits en quantite´ suffisante et a` couˆt raisonnable pour mener les
expe´riences. La prise en main, l’application et la compre´hension des re´sultats des
mesures effectue´es sur deux suspensions de nanoparticules de silice a constitue´ une part
importante de notre travail. Les principaux re´sultats ont e´te´ synthe´tise´s dans ce chapitre.
L’analyse de la taille des particules en suspension a e´te´ faite avec trois techniques
diffe´rentes, la DLS, la diffraction Laser et la microscopie TEM. Ces trois techniques sont
comple´mentaires, et permettent de caracte´riser les suspensions initiales correctement.
Pour les deux types de suspension, nous avons trouve´ des tailles comparables a` celles
revendique´es par le fabriquant et mesure´es par BET. La DLS et la diffraction Laser
permettent de suivre l’e´volution de la taille en cours de coagulation-agre´gation (les
re´sultats seront pre´sente´s au chapˆıtre 4), la diffraction prenant le relais de la DLS aux
tailles les plus grandes.
La deuxie`me caracte´ristique importante des particules en suspension vis a` vis des
proce´de´s de coagulation et de la flottation est la mesure de leur charge de surface. La
technique de ze´tame´trie (Nanosizer ZS) a e´te´ applique´e aux suspensions a` diffe´rentes
concentrations, et pour une gamme de pH variant de 2 a` 10. Quel que soit le pH, les
particules gardent une charge de surface ne´gative, qui diminue avec le pH. Tire´s de la
litte´rature, quelques e´le´ments de compre´hension de la structuration des groupements de
surface et des ions et mole´cules d’eau permettront de mieux comprendre au chapitre
4 les comportements observe´s quant a` la de´stabilisation des suspensions collo¨ıdales de
silice. Enfin, la mesure de la turbidite´ est une me´thode rapide de de´termination des
concentrations des nanoparticules en suspension, qui permettra de de´terminer l’efficacite´
des proce´de´s de se´paration.
Ces me´thodes acquises et mieux cerne´es, le chapˆıtre suivant pre´sente les re´sultats
d’essais de flottation.
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Tests of flotation
A l’issue des analyses de la litte´rature pre´sente´es au chapitre 1, les proce´de´s de flottation
et de coagulation e´ventuellement combine´s ont e´te´ choisis pour se´parer les nanopartic-
ules. Cependant, plus petites de plusieurs ordres de grandeur que les polluants solides
habituels, les nanoparticules isole´es (non agre´ge´es) pourraient rendre ces proce´de´s
inefficaces ou beaucoup plus complique´s. De`s lors, notre objectif pour de´velopper un
proce´de´ est d’examiner les facteurs de´terminants de la flottation afin de la rendre efficace
pour des nanoparticules, et aussi “verte” que possible.
On conside`re ge´ne´ralement que la difficulte´ majeure inhe´rente a` la flottation de
tre`s fines particules re´side dans la faible probabilite´ des collisions entre les particules et la
surface des bulles. A cause de leurs tre`s faibles masse et inertie, les nanoparticules suivent
tre`s certainement les lignes de courant du fluide qui contourne la bulle en ascension.
Les mode`les de collision par interception (Tan et al., 2009; Huang, 2009) pre´disent alors
une efficacite´ variant comme le carre´ du ratio taille des particules/taille des bulles. Par
rapport a` des particules d’une dizaine de microns, celles de 100 nanome`tres verront
une efficacite´ de collision 10000 fois plus faible, celles de 10 nanome`tres, 106 fois plus
faibles .... Or, une tre`s faible efficacite´ de collision engendre une tre`s faible efficacite´ de
collection. Cependant, pour des nanoparticules que la taille rend sujettes a` la diffusion
Brownienne, on peut espe´rer que la collision ne soit plus le fruit de l’interception, mais
de la diffusion elle-meˆme, me´canisme dont l’efficacite´ croit quand la taille diminue
(Miettinen et al., 2010; Nguyen et al., 2006; Ramirez et al., 1999; Tan et al., 2009). Ceci
sugge`re qu’il pourrait eˆtre possible de faire flotter les nanoparticules sans augmenter leur
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taille pour accroˆıtre l’efficacite´ (par coagulation par exemple). Ceci pourrait permettre
d’imaginer un proce´de´ “plus vert” en limitant ou en supprimant l’addition de re´actifs
chimiques comme coagulants et floculants.
Au dela` de la taille des particules, les forces collo¨ıdales entre les nanoparticules et
les microbulles controˆlent aussi l’efficacite´ de collection dans le re´gime dit de diffusion
(Nguyen et al., 2006). Il a e´te´ mentionne´ dans le chapitre pre´ce´dent que la surface
des nanoparticules ainsi que celle des bulles sont charge´es ne´gativement, re´sultant
en des interactions e´lectrostatiques re´pulsives. Malheureusement, les interactions de
Van der Waals sont aussi souvent re´pulsives entre la silice et les bulles dans de l’eau,
particulie`rement aux tre`s courtes distances (Pushkarova and Horn, 2005; Nguyen
et al., 2001). Si les interactions dites DLVO ne sont pas favorables a` l’attachement,
les interactions hydrophobes sont attractives si les surfaces sont hydrophobes, il n’est
donc pas entie`rement impossible de re´aliser l’he´te´rocoagulation entre des bulles et des
nanoparticules de silice si ces dernie`res sont rendues hydrophobes.
Dans le cas de nanoparticules, certains effets attribue´s aux forces inertielles (qui
peuvent conduire a` une augmentation ou a` une diminution de l’efficacite´ (Huang,
2009), et a` la de´formation de la surface des bulles peuvent eˆtre ne´glige´s. Cependant,
la stabilite´ du film interfacial qui se´pare la particule de la surface de la bulle entre en
jeu dans l’attachement (Ralston et al., 2002; Miettinen et al., 2010). Les films instables
se rompent spontane´ment a` une e´paisseur critique hcr. Plus grande est cette e´paisseur
critique, plus facilement le film se rompt, plus le film est alors instable et l’attachement
facile. En effet, des particules seront e´jecte´es de la surface de la bulle et entraine´es par
le liquide si le film interfacial n’a pas le temps de se rompre pendant le glissement de la
particule le long de l’interface de la bulle suite a` la collision (Ralston et al., 2002).
Ishida (2007) a estime´ par microscopie AFM que l’e´paisseur critique de rupture
hcr entre une particule de silice hydrophobe (4 − 10 µm) et une bulle (de l’ordre
de 250 µm), e´tait de l’ordre de 10 − 20 µm, distance de´pendant plus du pH que de
l’hydrophobicite´ des particules. Leurs re´sultats indiquent que la re´pulsion domine a`
courte distance quand la particule se de´place vers la surface de la bulle. Habituellement,
108
aux courtes distances, une interaction attractive attribue´e aux forces hydrophobes agit
entre la particule et la surface de la bulle, ge´ne´rant la rupture du film qui les se´pare.
L’he´te´rocoagulation entre particule et bulle de´pend donc a` la fois de l’hydrodynamique
et de processus thermodynamiques. Cependant, quand la ligne de contact triple est
forme´e, elle doit re´sister aux forces dites de de´tachement. Celles-ci incluent les forces
inertielles, la gravite´ et les forces visqueuses. Elles augmentent avec la taille de la
particule. La` aussi, dans le cas de la flottation de nanoparticules, on peut penser que
l’he´te´ro-agre´gat forme´ par la bulle et la ou les nanoparticules est stable, meˆme dans un
e´coulement turbulent graˆce aux faibles masse et taille de la particule (Miettinen et al.,
2010). De plus, on peut le´gitimement s’interroger sur le concept de ligne de contact
quand il s’agit de nanoparticules dont la taille est du meˆme ordre de grandeur ou presque
que l’e´paisseur de l’interface liquide-gaz e´value´e a` 1− 2 µm (Adamson and Gast, 1997).
Finalement, il semble the´oriquement possible de collecter des nanoparticules par
flottation. Les paragraphes suivants pre´sentent le principe et les re´sultats de tests de
flottation mene´s dans un flottatest commercial.
Through early discussions and analysis of literature presented in chapter 1, flota-
tion/coagulation process has been chosen to separate nanoparticles. However, smaller by
several orders of magnitude than usual solid pollutants, distinct nanoparticles determine
that this separation process may be inefficient or much more complicated. Thus, our
goal is to develop new installation and examine the factors of flotation in order to make
it efficacious for nanoparticles and as “green” as possible.
The difficulty in floating fine particles is usually considered as the low probability
of bubble-particle collision. Because of their small mass and inertia, nanoparticles
probably follow the fluid streamlines around the rising bubbles. Low collision efficiency
of fine particles with bubbles and therefore low collection efficiency are the consequences
(Tan et al., 2009; Huang, 2009). However, for nanoparticles that become susceptible to
Brownian diffusion, one would expect the bubble-particle collision efficiency to increase
with a reduction in particle size in the diffusion regime (Miettinen et al., 2010; Nguyen
et al., 2006; Ramirez et al., 1999; Tan et al., 2009). In addition, studies have shown
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that for a given particle surface hydrophobicity, the induction time — the total time
required for the liquid film between particles and bubbles to thin out — decreases with
decreasing particle size (Dai et al., 1999; Tan et al., 2009). All of these suggest that it
might be possible to float nanoparticles without increasing their sizes to raise collection
efficiency. This could give a “greener” process by limiting or suppressing the addition of
chemical species as coagulant and flocculant.
Besides particle size, colloidal forces between nanoparticles and microbubbles also
control the collection efficiency in the diffusion regime (Nguyen et al., 2006). It was
mentioned earlier that surfaces of nanosilica and bubbles are both negatively charged,
electrostatic interaction energies are then repulsive between them. Unfortunately,
van der Waals interaction energies between silica and bubbles are often repulsive too,
especially in a short range (Pushkarova and Horn, 2005; Nguyen et al., 2001). Since
DLVO interaction energies do not support attachment between bubbles and nanosilica,
hydrophobic interaction energy is attractive if the surfaces are hydrophobic. It is then
not entirely impossible to realize heterocoagulation between bubbles and hydrophobic
silica nanoparticles.
For nanoparticle flotation, some complications such as inertial forces and bubble
surface deformation disappear because inertial hydrodynamic interaction and particle
rebound could be neglected. However, the stability of thin wetting film that can separate
particles and bubbles is another important component of the attachment (Ralston
et al., 2002; Miettinen et al., 2010). Unstable films destruct spontaneously at a definite
thickness (critical thickness hcr). The larger the critical thickness, the easier the film
rupture, hence the lower the film stability. Particles would be repelled from the bubble
surface if the film has no time, during collision, to thin to the critical value hcr, and
subsequently collision would not be accompanied by attachment (Ralston et al., 2002).
Ishida (2007) estimated the rupture thickness between a spherical hydrophobic sil-
ica particle (4− 10 µm) and a bubble (about 250 µm) by AFM measurement. hcr was of
the order of 10 − 20 nm, related more to pH of solution rather than the hydrophobicity
of the particle. Their results indicated that a repulsive energy dominated at short
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separation distances as the particle moved towards the bubble. At shorter separation
distances, an attractive energy attributed to the hydrophobic force acted between
particle and bubble surfaces, made the thin water film between them collapse.
The heterocoagulation between particles and bubbles is then decided by both dy-
namic and thermodynamic processes. Furthermore, when the three-phase contact line
between a bubble and a particle is formed, it has to resist detachment forces. These
detachment forces involve inertia, gravity and viscous forces, and increase with increasing
particle size. Again, for nanoparticle flotation, the formed bubble-particle aggregate can
be assumed to be stable even in turbulent conditions thanks to their small mass and
size (Miettinen et al., 2010). One can wonder about the concept of contact line itself
taking into account of nanoparticles which have a size quite in the order of magnitude
of a liquid-gas interface evaluated at 1− 2 nm (Adamson and Gast, 1997).
3.1 Experimental device and procedure for flotation
tests
So far, it seems to be theoretically possible to collect nanoparticles by flotation. The
tests of flotation were carried out in a flottatest (Orchidis) (presented in fig. 3.1). The
schematic representation of experimental setup is further presented in fig. 3.2. By
subjecting water to an over-pressure, air molecules dissolve in water. Once the saturated
water in the pressurizator (4) passes through the relaxation valve (5), its pressure
released at the bottom of the flotation cell (6) generates microbubbles.
Bensadok et al. (2007) measured the average size of bubbles from Nanosizer in the
flottatest (Orchidis) and found inversely proportional relationship between the air
bubbles size formed after relaxation and the pressure in the saturator. The bubbles
diameter is about 50 µm from a saturation pressure 6.5 bars. Istria et al. (2008)
measured DAF bubbles with laser diffraction (Spraytrec, Malvern Instruments) and had
an average size of bubbles 55 µm according to a saturation pressure 6.2 bars. These
values of pressure are considered in our flotation tests and 6 bars is set. In this way,
the bubble sizes — one of the key factors of flotation — are supposed to be around 60 µm.
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Figure 3.1: Photo of flottatest (ORCHIDIS)
Figure 3.2: Discontinous DAF set up, for example flottatest. (1) Water inlet, (2) Air
inlet, (3) pressurized water outlet, (4) Pressurizator, (5) Relaxation valve, (6) Flotation
cell (Bensadok et al., 2007).
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The results of the flotation are evaluated in the case of flocs flotation by visual-
ization of what happens in the cells. This simple method can not be applied for
nanoparticles for two reasons: firstly, nanoparticles can not be seen in the cells; secondly,
the amount of particles is too small to be easily seen as a layer of floated nanoparticles
at the upper surface after flotation. Thus, turbidity measurements at different heights in
flotation cells are performed to evaluate the capture efficiency, as the turbidity directly
correlate to particle concentrations.
If there is no aggregation, the particle concentrations corresponding to the turbid-
ity can be then calculated from eq. 2.12 for 30R25 (the turbidity ranged between
0.7 and 40 NTU), and eq. 2.11 for 30R50 (the turbidity ranged between 0.5 and 622
NTU). Because the injection of bubbles will actually increase the volume of suspensions,
turbidity or particle concentrations after the injection will be lower than those before
anyway. The particle concentrations only based on dilution effect are then calculated
from:
Cc =
C0 × V0
Vc
(3.1)
where Cc is the concentration based on dilution effect, C0 is the concentration calculated
from T0 (turbidity before the injection of bubbles), V0 is the suspension volume before
the injection of bubbles, and Vc is the suspension volume after the injection.
• If Cc > Cf , where Cf is the concentration calculated from Tf (turbidity at the
bottom of flotation cell after the bubbles injection), the particles were carried away
by bubbles and the flotation worked.
• If Cc < Cf (at the bottom of flotation cells), silica nanoparticles were not captured
by bubbles.
On these bases, four series of experiments have been performed sequentially. The first
one in part 3.2 concerns flotation in the absence of any additive; the second one (part
3.3) focuses on the flotation with the additive of AlCl3; thirdly (part 3.4), CTAB that
has been proposed in the literature is tested as an additive in nanosilica suspensions; and
in the last one (part 3.5), we try to modify the surface charge of bubbles by the addition
of AlCl3 and NaCl in the pressurizator.
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3.2 Flotation of nanosilica suspension without addi-
tives
In order to minimize pollution, it is better to have a flotation process without any chem-
ical collectors if possible. For this purpose, “green” flotation tests with only physical
operations are essayed, which might work from the above description.
Figure 3.3: The schematic flotation tests (1) and (2)
Klebosol 30R25 0.153% (8mL 30R25, φ = 15.3% and 792mL H2O) is respectively added
in flotation cell (1) and (2) as shown in fig. 3.3. Since no extra agitation is applied during
the injection of pressurized water, it is worth verifying whether the suspensions can be
well mixed with bubbles, or pressurized water mainly keeps at the bottom of cells. For
this reason, 400 mL pressurized water is then injected under two conditions:
(1) pressurized water (< 2 bars) to simulate the situation without the interference
of bubbles rising agitation, nearly no bubble is created, the pressure is only used to
push the water to enter the flotation cell;
(2) pressurized water (6 bars).
The samples are collected from the bottom of the cell. Turbidity from these samples cor-
responding to different heights of the cell are measured after the injection of pressurized
water and when no more bubbles are present in solution. The results are given in table
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3.1. The particle concentrations can be further calculated from table 3.1 and shown in
table 3.2.
Table 3.1: The turbidity values (NTU) for (1) water and (2) pressurized water (6 bars)
T0 Tf(0∼200mL)Tf(200∼400mL) Tf(400∼600mL) Tf(600∼800mL) Tf(800∼1000mL)Tf(1000∼1200mL)
(1) 9.68 7.96 6.64 6.65 6.69 6.68 6.64
(2) 7.34 6.16 5.54 5.58 5.54 5.58 5.54
T0 represents the turbidity measured before pressurized water injection
Tf represents the turbidity measured after pressurized water injection
Table 3.2: The particle concentrations in volume (%) calculated from the turbidity for (1)
water and (2) pressurized water (6 bars)
C0 Cf(0∼200mL)Cf(200∼400mL) Cf(400∼600mL) Cf(600∼800mL) Cf(800∼1000mL)Cf(1000∼1200mL)
(1) 0.189 0.142 0.109 0.110 0.111 0.110 0.109
(2) 0.127 0.098 0.084 0.085 0.084 0.085 0.084
C0 represents the particle concentration calculated before pressurized water injection
Cf represents the particle concentration calculated after pressurized water injection
These two suspensions (1) and (2) are prepared at a desired concentration of φ = 0.153%,
but C0 calculated from T0 gives φ = 0.189% and φ = 0.127% for (1) and (2) respectively
(see table 3.2). These deviations may come from the personal errors and system
errors during water volume measurement, turbidity measurement, etc. Moreover, the
conversion from T0 to C0 could also offer errors. Firstly, when 200 mL graduated cylinder
is used to measure the ultrapure water 792 mL, it could bring an error of ±1.5 mL each
time. It means that in the preparation of concentration (φ = 0.153%, 800 mL), there
may be a deviation of φ = (0.153 ± 0.001)%. Secondly, the accuracy of the 2100N-IS
Turbidimeter (Hach) is 0.01 NTU1, but in practical measurement of the same sample, it
is possible to have different turbidity values with the change of ±1 NTU. Thirdly, the
deviation between the measured turbidity and turbidity from eq. 2.12 in fig. 2.26 is
about 0.024 NTU. If all these deviations are combined, C0 is φ ≈ (0.153± 0.021)%. This
is still different from the concentrations 0.189% and 0.127%. Concerning the possible
variation on the mixing of the samples before the injection of pressurized water, it is
1Model 2100N IS laboratory turbidimeter, Hach Company, http://www.hach.com.
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then possible to have extra individual errors. Anyway, we decided to keep these results
in this chapter because we can not make a lot of flotation tests with flottatest due to a
large volume of effluents, as well as their results would not change any conclusion about
the tests.
From table 3.2, for both conditions (1) and (2), Cf(0∼200mL) are larger than con-
centrations at other heights. As described above, before the pressurized water injection,
these suspensions may not be completely mixed because of their great volume and
the shape of the cell at the bottom. After the injection, the cell shape at the bottom
and the pressurized water injections configuration tend to produce a non-homogeneous
flow in this region. Thus the mixing could be still insufficient at the bottom of cell.
Other concentrations in (1) and (2) change so little at different heights of flotation cells,
suggesting good mixing over the height of the cell. On this basis, we can say that if
Cc >Cf (at the bottom) the flotation rather than the injection of pressurized water takes
effect.
The concentrations Cc calculated from the dilution effect is 0.126% for (1) and
0.084% for (2), compared with concentration values calculated from turbidity for
condition (2) in table 3.2, the flotation experiments without any chemical collectors
could not separate silica nanoparticles 30R25. For condition (1), since there is almost
no bubbles produced, it is certainly no flotation of nanosilica. In the following tests,
suspensions are carefully mixed in advance, so the abnormity of Tf(0∼200mL) can be
avoided after the injection of pressurized water.
In order to further confirm whether the flotation without additives could separate
silica nanopartices or not, three other tests are studied as shown in fig. 3.4. 800 mL,
0.153% 30R25 suspensions are added into flotation cells (3), (4) and (5). Pressurized
water (6 bars) of 200, 300 and 400 mL are then respectively injected into the three cells.
Table 3.3 presents their turbidity measured (Tf ) at the bottom of the cells after the
injection and the particle concentrations (Cf ) calculated from these turbidity. Cc of each
sample is calculated from the desired concentration 0.153% based on the dilution effect
of the injection.
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Figure 3.4: The schematic flotation tests (3), (4) and (5)
Table 3.3: The turbidity (NTU) measured at the bottom of the cells and the
calculated particle concentrations (%) after the injection of pressurized water
without chemical additives
Flotation cell (3) (4) (5)
Tf (NTU) 7 ∼ 8 6 ∼ 7 6
Cf (%) 0.118 ∼ 0.143 0.095 ∼ 0.118 0.095
Cc (%) 0.122 0.111 0.102
Tf turbidity measured at the bottom of cells after pressurized water injection
Cf particle concentration calculated from Tf
Cc particle concentration calculated from eq. 3.1 based on dilution effect
From table 3.3, Cf is approximately equal to Cc for flotation tests (3), (4) and (5),
taking into account of the system errors, these three flotation tests without additives
could not separate silica nanoparticles again. However, because the flottatest could only
provide batch operation and the volume of bubbles is low, low collision efficiency and
then low efficacy of flotation might be gained due to insufficient bubbles.
The minimum bubble volume (Vmin) required to capture all the particles can be
117
Chapter 3. Tests of flotation
calculated from eqs. 3.2, 3.3, 3.4 and 3.5:
Np/b =
Γ× Sb
S ′p
(3.2)
Np =
6Vsuspension × φ
pid3p
(3.3)
Nb =
Np
Np/b
(3.4)
Vmin = Nb × pid
3
b
6
(3.5)
where Np/b is the number of particles captured by one rising bubble; Γ is the coverage of
bubbles by silica nanoparticles (Γmax = 0.8) (Huang, 2009); Sb and S
′
p are respectively
one bubble surface (pid2b , db = 60 µm) and the maximum cross-sectional area of one
particle (pid2p/4, dp = 30 nm); Np and Nb are respectively particle number and bubble
number. For tests (1) ∼ (5), the volume concentration (φ) is always 0.153% and
Vsuspension is 800 mL before the injection of pressurized water. Vmin calculated from
these parameters is 740 mL. It means when the bubble surface is completely covered by
particles, 740 mL of the bubbles is needed to capture all particles in the suspension (800
mL, φ = 0.153%).
However, the injection of pressurized water is not more than 400 mL in these
tests. According to Henry’s law, the solubility of a gas in a liquid at a particular
temperature is proportional to the pressure of that gas above the liquid, which can be
put into mathematical terms (at constant temperature) as:
Vdissolution = KhpVwater (3.6)
where Vdissolution is the volume of air dissolved in water ; Kh is the Henry constant
(18 mL·L−1·atm−1, 20◦C) (Blazy and Jdid, 2000); p is the air pressure above the
water; and Vwater is the volume of pressurized water. When the injection of pres-
surized water is 400 mL, and the air pressure changes from 6 atm to 1 atm, 36
mL of the bubbles can be released based on eq. 3.6. Therefore, in these flotation
tests, the actual volume of injected air bubbles (≤ 36 mL) is much smaller than the
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minimum volume of air bubbles (740 mL) needed to capture all the particles. This
may be the reason of inefficient flotation; otherwise, the possible repulsive energy
between bubbles and nanosilica particles could also contribute to the low efficacy of
flotation. It is then reasonable to develop a new continuous apparatus which could
bring out more bubbles and to test some additives for the decrease of the repulsive energy.
Fig. 3.5 presents the new flotation device for nanoparticles. Fig. 3.6 is the schematic of
this new device. Compared with the flottatest, the volume of the new flotation cell is
much small in order to minimize effluents. Two tanks are used respectively to hold the
foam and clear water, and the other one is the feed tank. It thus permits to inject more
bubbles than the flottatest.
Figure 3.5: Photo of continuous device of flotation
Fig. 3.7 is the archetype of the flotation cell which is composed of two similar parts.
The flotation will be carried out in the left part, at the same time the foams and the
clear water will stream out from the right part. This design is to avoid the interactions
between the injection of bubbles and the outflow of clear water. However, for security
reasons and development delays, the new flotation device takes a long time to assemble
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and will not be available until the end of this thesis. Therefore, more attention was
paid to modify the physico-chemical properties of interface to improve nanoparticles
collection efficiency.
Figure 3.6: The schematic of continuous device of flotation
Figure 3.7: The archetype of flotation cell
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3.3 Flotation of nanosilica suspension with the mod-
ification of silica surface by AlCl3
Dai et al. (1999) reported that the experimental flotation rates and recoveries increase
with increasing electrolyte concentration. The positive effect of electrolyte concentra-
tion on the flotation rates and recoveries is mainly attributed to an increase in the
bubble-particle attachment efficiency. From a thermodynamic point of view, this is
explained by a decreased electrostatic double layer interaction (Miettinen et al., 2010).
Zeta potentials of both nanosilica particles and bubbles can decrease with increasing
multivalent ionic strength, even altering the sign (Yang et al., 2001; Yoon and Yordan,
1986; Han et al., 2004; Li and Somasundaran, 1992, 1991; Papirer, 2000). For these
reasons, it is interesting to test the flotation with an electrolyte such as AlCl3.
Moreover, the decrease of surface charge by the electrolyte adsorption may cause
nanosilica aggregation. For fine particles, it is experimentally and theoretically clear
that the flotation rate increases with increasing particle size to bubble size, when the
interception and collision mechanisms predominate (Nguyen et al., 2006; Miettinen
et al., 2010). The aggregation process will be further discussed in chapter 4, here the
effect of AlCl3 on the flotation of nanosilica is presented.
The 30R25 0.153% with AlCl3 (0.1 and 0.5 mmol·L−1) 400 mL are respectively
studied with 100 mL pressurized water (6 bars) to test flotation. The zeta potential and
pH of these two samples before the injection of pressurized water are as follows:
(6) 0.153% 30R25 + AlCl3 (0.1 mmol·L−1) , ζ = −28.0 mV, pH=4.78,
(7) 0.153% 30R25 + AlCl3 (0.5 mmol·L−1), ζ ≈ 0 mV, pH=3.50.
Table 3.4 presents the turbidity measured after the injection of pressurized water and
when no more bubble exists visually. In condition (6), if particle concentration before
the pressurized water injection is calculated from T0 by eq. 2.12, the concentration C0
would be 0.398%. However, the desired concentration of this suspension was prepared
as 0.153%. The deviation between these two values could not be introduced from the
system and individual errors, so slight aggregation is suggested to occur by the addition
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of AlCl3. In this way, the relation between the turbidity and the particle concentration
could no longer be applied. In addition, turbidity values in table 3.4 are nearly the
same at different heights after the injection of pressurized water for both (6) and (7),
indicating no capture of nanosilica from bubbles.
Table 3.4: The turbidity values for (6) M(AlCl3)=0.1 mmol·L−1 and (7) M(AlCl3)=0.5
mmol·L−1
T0 Tf(0∼100mL) Tf(100∼200mL) Tf(200∼300mL) Tf(300∼400mL) Tf(400∼500mL)
(6) 16.2 11.3 11.5 11.3 11.2 11.3
(7) 669 463 471 475 471 474
For condition (7), because of the aggregation of nanosilica, the turbidity values increase
a lot (see table 3.4). ζ ≈ 0 mV suggests that the electrostatic force would benefit the
bubble-particle capture, compared with no electrolyte addition. However, visually there
is no obvious heterocoagulation between air bubbles and particles, and the turbidity at
different heights after the injection of pressurized water is nearly the same. In fact, the
suspension is too turbid to be observed and the volume of bubbles is insufficient, so it is
difficult to say if the flotation would work or not with more bubbles generation.
Furthermore, in these flotation tests, parameters such as the size of aggregates,
pH in the solution, zeta potential of bubbles, etc, which would all influence the collection
efficiency are not controlled. Therefore, a more detailed investigation is necessary to
understand and to optimize this process. Because the flottatest will produce a lot of
effluents with nanoparticles, it is difficult to test all parameters.
3.4 Flotation of nanosilica suspension with the mod-
ification of silica surface by CTAB
The surfactant CTAB proposed by Lien and Liu (2006) is an interesting additive for
nanosilica flotation. It is then explored in this work for several reasons:
• This surfactant could turn the nanosilica suface, which may be initially hydrophilic
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due to the (Si-OH) groups, to hydrophobicity;
• More stable bubbles and smaller bubble size might be obtained, resulting in easier
collection of captured particles with this surfactant;
• Cationic CTAB adsorption is likely to raise the collision efficiency in the flotation
by decreasing surface charge and increasing nanosilica particle size.
The critical micelle concentration (CMC) of CTAB, above which micelles are sponta-
neously formed, are verified by measuring the conductivity and the surface tension. A
CMC of 0.92±0.05 mM·L−1 can be observed in fig. 3.8. This value agrees with the CMC
of CTAB in literatures: 0.89 mM·L−1 from Modaressi et al. (2007) and 0.92 mM·L−1
from Gao et al. (2004).
Figure 3.8: CMC of CTAB by the conductivity and the surface tension measurements
Another important parameter of CTAB is the Krafft temperature, that is the minimum
temperature below which the CTAB remains in crystalline form. Measured by Carolina
and Barney (2003), the Krafft temperature of diluted CTAB solution is about 20 ∼ 25◦C.
Experiments with CTAB are therefore controlled above the Krafft temperature.
The turbidity of water/CTAB solutions has been measured and will be presented
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in part 4.2. The CTAB itself contributes little to the turbidity change from table 4.6.
Thus, in this part the turbidity change should attribute to the flotation and/or the
aggregation of nanosilica.
On this basis, four flotation conditions (8) ∼ (11) are investigated in the flottat-
est respectively. By increasing the concentrations of CTAB from (8) to (11), nanosilica
30R25 (400 mL) could have zeta potentials from negative to positive, such as:
(8) 0.153% 30R25 + CTAB (0.01 mmol·L−1), ζ = −34.5mV,
(9) 0.153% 30R25 + CTAB (0.1 mmol·L−1), ζ = −25.1mV,
(10) 0.153% 30R25 + CTAB (0.4 mmol·L−1), ζ = 3.4mV,
(11) 0.153% 30R25 + CTAB (0.6 mmol·L−1), ζ = 25mV.
To carry out the flotation, 100 mL pressurized water (6 bars) is respectively added in
flotation cells at the condition (8), (9), (10) and (11). The turbidity measured after the
injection are presented in table 3.5. No turbidity results were obtained at the conditions
(10) and (11), because the values were varying too quickly during the measurement due
to the aggregation and the sedimentation of 30R25.
Table 3.5: The turbidity values for (8) M(CTAB)=0.01 mmol·L−1 and (9)
M(CTAB)=0.1 mmol·L−1
T0 Tf(0∼100mL) Tf(100∼200mL) Tf(200∼300mL) Tf(300∼400mL) Tf(400∼500mL)
(8) 49.1 46.1 48.1 47.3 46.3 45.8
(9) 90 160 224 171 138 149
Again, because of the addition of CTAB, the particle concentrations could not be
calculated from the turbidity, since the aggregation starts before the pressurized water
injections for both (8) and (9).
In condition (8), the turbidity (Tf ) measured at different heights after the pres-
surized water injection are nearly the same as the turbidity (T0) obtained before the
injection. This may suggest an increase of the particle size after injection, because the
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particle concentration is certainly diluted by adding 100 mL pressurized water. The
increase of the particle size maybe due to the agitation effect of bubbles, which may
accelerate the aggregation of particles.
For condition (9), turbidity greatly increase after the injection of pressurized wa-
ter compared to that measured before. One explanation could be that the agitation
brought by rising bubbles accelerate the aggregation; and because the sample (9)
contains more CTAB, it could aggregate faster and easier than the sample (8). The
variation of turbidity values at different heights in condition (9) could not be taken into
account since the aggregation and the sedimentation continue.
As zeta potential in condition (10) is 3.4 mV, it is not difficult to understand
why there is strong aggregation. For condition (11), however, the zeta potential before
the pressurized water injection is 25 mV (generally |ζ| < 30 mV means destabilization),
but after the injection of 100 mL pressurized water, the concentration of CTAB would
be further diluted and then produces a lot of aggregates. It is worth mentioning that
with positive zeta potential in condition (11), nanosilica aggregates rising with bubbles
are clearly observed. Unfortunately, as flottatest can not be continuously operated, these
aggregates re-descend after the cessation of bubbles entering.
Anyway, by controlling surface charge of particles, successful collection of nanosil-
ica by flotation is possible. The interaction between flotation and nanoparticles
aggregation is very important under the experimental conditions, since there is a com-
petitive process between homoaggregation and heteroaggregation. It is then reasonable
to further study the nanosilica aggregation process. This part will be presented in the
chapter 4.
3.5 Flotation of nanosilica with modification of bub-
ble surface
The surface charge of bubbles in water are negative without additives, indicating
repulsive forces between bubbles and particles. In the part 3.4, it has been observed
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that the positively charged particles can be captured by bubbles. Thus, surface charge
of bubbles is tried to be modified as proposed in chapter 1 in this part. This is possible
by adding metal ions such as Al3+. Li and Somasundaran (1992) and Yang et al. (2001)
measured the zeta potential of bubbles in the background electrolyte 10 mmol·L−1
NaCl and concluded that M(AlCl3)=0.1 and 1 mmol·L−1 could both generate positively
charged bubbles at pH< 8 (see fig. 1.21). We can imagine that if the surface of bubbles
is positive and surface of nanosilica is negative, collection efficiency would be enhanced.
In order to generate positively charged bubbles, certain quantities of AlCl3 and
NaCl were added in the pressurizator. Here the addition of NaCl is just to get the same
zeta potential of bubbles as the literature, because we did not measure the zeta potential
of bubbles. The effect of these positively charged bubbles on the flotation is studied
under two conditions:
(12) 30R25 0.153% 400mL with 100mL pressurized water (6 bars) containing 10
mmol·L−1 NaCl and 1 mmol·L−1 AlCl3,
(13) 30R50 0.153% 400mL with 100mL pressurized water (6 bars) containing 10
mmol·L−1 NaCl and 0.1 mmol·L−1 AlCl3.
Table 3.6: The turbidity values for (12) M(AlCl3)=1 mmol·L−1 in the pressurizator
and (13) M(AlCl3)=0.1 mmol·L−1 in the pressurizator
T0 Tf(0∼100mL) Tf(100∼200mL) Tf(200∼300mL) Tf(300∼400mL) Tf(400∼500mL)
(12) 7.8 576 492 493 482 493
(13) 207 230 222 220 219 230
Table 3.6 gives turbidity measured in conditions (12) and (13). For condition (12),
turbidity values greatly increase after the injection of pressurized water. This suggests
that aluminium species adsorb rapidely on the surface of silica particles and make them
aggregate after the injection of pressurized water. Flotation could not be shown visually,
nor from the turbidity values measured at different heights.
For condition (13), there is no aggregate after the pressurized water injection ac-
cording to the size measurement by Nanotrac and Mastersizer 2000. The quantity of
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AlCl3 is certainly too small to screen the negative charge on particles surface and then
could not lead to aggregation (see chapter 4). The particle concentration (C0) calculated
from T0 and eq. 2.11 is about 0.160%, which stays close to the initial concentration
0.153%. Turbidity values at different heights are nearly the same, as a result of inefficient
flotation. The slightly increase of turbidity after the injection of pressurized water
(Tf >T0) may be due to the addition of AlCl3.
The modification of bubble surface charge by electrolyte is then not recommended
to improve flotation efficiency of nanoparticles, because electrolytes seem to more likely
adsorb on particle surface. Thus, it is the same to study electrolyte or CTAB effect on
the particles.
3.6 Conclusion
Several flotation tests have been presented in this part. Although it is theoretically
possible that the sole physical flotation works on nanoparticles, this has not been observed
in the flottatest. Indeed, the configuration of the flottatest experiment working with
discrete injections is rather limited. Thus, some modifications are considered to improve
firstly the experimental set up, but also the interface properties. One important factor is
the size ratio between particles and bubbles that can influence the collision and can be
optimized by two methods:
• a decrease of the bubble size, or
• a increase of the particle size in the interception and collision dominated range.
Unfortunately, the use of very small bubbles may bring new problems. Because of the
low rising velocity of rather small bubbles with attached particles, very long flotation
time could be expected (Miettinen et al., 2010). This is why DAF was chosen in this
work, since it can generate bubbles of 40− 70 µm.
Otherwise, it is feasible to increase particle size by agglomeration thanks to cationic
electrolyte (AlCl3) or surfactant (CTAB) additions. Polyelectrolyte can also contribute
to form large aggregates, but the large and loose flocs might not favor the flotation
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process as they could be torn apart easily.
Besides the size ratio, interfacial forces between particles and bubbles are also im-
portant to flotation process. Since nanoparticles are susceptible to Brownian motion,
size increase may not be necessary, but it is always interesting to alter their surface
charge reversely for successful attachment between particles and bubbles. The next
chapter 4 focus on such particle surface modification.
Ce court chapitre a reporte´ les re´sultats de plusieurs campagnes de tests concer-
nant des tentatives de flottation de nanoparticules de silice. Il s’agit bien entendu de
tests mene´s dans des conditions qui permettent dans le cas de particules microniques, ou
bien de flocs de ces particules, d’e´valuer la faisabilite´ d’une ope´ration de flottation dans
un cas particulier. L’application d’une meˆme proce´dure dans le cas des nanoparticules
de silice n’est pas particulie`rement concluante. Meˆme si les re´flexions the´oriques laissent
penser qu’il doit eˆtre possible de flotter des nanoparticules, les tests ne le montrent
pas franchement. Bien entendu, on peut penser que les conditions de ces tests ne sont
pas favorables aux nanoparticules: si l’efficacite´ de collection est tre`s basse, la hauteur
disponible dans le test est peut eˆtre largement insuffisante pour pouvoir montrer un
effet. De meˆme, la quantite´ de bulles, donc la surface de collection, n’est pas facilement
controˆlable, et certainement insuffisante : pour des particules si petites, on peut penser
qu’il faudra aller vers une distance moyenne entre bulles la plus petite possible afin que
la diffusion Brownienne ait une chance d’eˆtre ope´rante. Cela supposerait d’augmenter
la fraction volumique de bulles, ou bien leur taille, car la distance moyenne entre bulles
varie comme leur diame`tre a` fraction volumique constante. Malheureusement, diminuer
la taille des bulles est difficile, et pourrait causer d’autres proble`mes pour un flottateur
industriel. En effet, a` cause de leur tre`s faible vitesse d’ascension, des bulles tre`s petites
ne´cessiteraient un temps de se´jour tre`s grand, et seraient plus difficiles a` se´parer ensuite
de l’eau traite´e, ge´ne´rant des vitesses spe´cifiques de traitement trop faibles.
L’autre solution consiste a` augmenter la taille des particules en les coagulant. On
a vu que l’agre´gation est pre´sente de`s qu’un e´lectrolyte cationique comme AlCl3, ou
qu’un surfactant comme le CTAB est ajoute´. Cette agre´gation vient perturber les
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tentatives de flottation, rendant plus difficile encore de tirer des tests des conclusions
de´finitives. Il y a compe´tition entre homoagre´gation et he´te´roagre´gation. Pour mieux
comprendre les effets observe´s, mais aussi pour donner des bases a` une ope´ration de
pre´-se´paration par coagulation, le travail a e´te´ ainsi poursuivi dans l’objectif d’e´tudier
les effets de modifications des proprie´te´s interfaciales, par ajouts de AlCl3 et de CTAB.
L’ide´e de base est de diminuer les charges de surface des nanoparticules en suspension,
ou bien de ge´ne´rer des interactions hydrophobes par adsorption de compose´s amphiphiles
comme le CTAB. Cette troisie`me partie de notre travail est pre´sente´e dans le chapitre
suivant.
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Les premiers essais peu efficaces de flottation directe des nanoparticules de silice
permettent de penser qu’il est difficile d’effectuer leur se´paration sans modifier leur
physicochimie de surface par l’addition de sels ou de tensio-actifs. Cependant, il a
aussi e´te´ constate´ que ces ajouts s’accompagnent de l’agre´gation des nanoparticules. Ce
chapitre est destine´ a` examiner des modifications de l’interface nanosilice-eau et leurs
effets sur l’agre´gation. Deux additifs ont e´te´ teste´s : le cation Al3+ et le tensio-actif
CTAB (additifs utilise´s pour la flottation au chapitre pre´ce´dent). L’effet d’e´lectrolytes
sur la structure de l’interface silice-eau a e´te´ largement discute´ dans la litte´rature : par
comparaison avec des ions monovalents et divalents, les contre-ions trivalents sont plus
efficaces pour la neutralisation des charges de surface par adsorption (Papirer, 2000). Le
tensioactif cationique CTAB, qui a e´te´ utilise´ pour la flottation de la silice (Lien and
Liu, 2006) peut non seulement modifier la mouillabilite´ des particules de silice, mais
aussi leur stabilite´ collo¨ıdale (Koopal et al., 1999; Lien and Liu, 2006).
Il est important de mentionner que la neutralisation des charges de surface des
nanoparticules de silice par les contre-ions pre´sents en solution, ou venant de l’ajout
d’additifs, ne suffit pas a` expliquer les observations concernant l’agre´gation. Des effets
non e´lectriques tels que l’emprisonnement des nanoparticules par pre´cipitation d’autres
particules, et la floculation par pontage sont susceptibles d’intervenir dans l’agre´gation
(Migo et al., 1997). Avant de discuter les me´canismes potentiels, les de´finitions des
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termes coagulation, floculation et agre´gation doivent eˆtre clarifie´es.
La coagulation est la de´stabilisation de collo¨ıdes par la neutralisation des charges
e´lectriques porte´es par les particules disperse´es en suspension, dont le re´sultat est
leur agre´gation. Le terme floculation correspond souvent a` l’agre´gation de collo¨ıdes
par pontage entre les particules par des polyme`res (floculant) partiellement adsorbe´s,
formant un re´seau e´tendu et fragile (nomme´ floc), qui peut eˆtre facilement se´pare´ par
se´dimentation/flottation et filtration. L’agre´gation est un terme plus ge´ne´ral, me´canisme
de formation de paquets de particules (agre´gats) lie´es les unes avec les autres par
les forces de Van der Waals ou autres forces interparticulaires. Il est convenu que
l’agre´gation est un terme ge´ne´rique valable aussi pour la coagulation et la floculation
(Tourbin, 2006).
Dans la neutralisation des charges de surface, l’interaction e´lectrostatique inter-
vient entre une particule collo¨ıdale et un ion coagulant (ou un tensio-actif) de charge
oppose´e, dont la valence joue un roˆle important: les effets observe´s devraient suivre
la re`gle de Shulze-Hardy qui dit que la concentration critique de coagulation (CCC)
varie comme la valence en 1 : 2−6 : 3−6 (Hsu and Kuo, 2002). Les contre-ions peuvent
contribuer a` la de´stabilisation collo¨ıdale de deux manie`res : par la compression de la
double couche entourant les particules collo¨ıdales, et/ou par leur adsorption directe a`
la surface, dans les deux cas conduisant a` la diminution des re´pulsions e´lectrostatiques
entre les collo¨ıdes (Aurell and Wistrom, 2000; Migo et al., 1997). Il est e´galement
possible que l’ajout de grandes quantite´s de coagulant conduise a` l’inversion de la charge
de surface des particules, donc a` leur restabilisation (Gregory and Duan, 2001).
Dans le traitement de l’eau par agre´gation, il est connu que des doses de coagu-
lant plus importantes que celle juste ne´cessaire a` la neutralisation des charges de surface
sont plus efficaces. Ceci pourrait eˆtre duˆ a` la pre´cipitation importante d’hydroxyde
sous l’effet de me´taux coagulants. Des particules peuvent alors eˆtre pie´ge´es dans l’e´tape
de pre´cipitation, et ainsi eˆtre e´limine´es de l’eau par se´dimentation. Ce proce´de´ est
connu sous le nom de floculation par entrainement, car les particules sont re´ellement
“entraine´es” hors de l’eau par la pre´cipitation de l’hydroxyde. De plus, ces hydroxydes
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ont tendance a` avoir une morphologie relativement ouverte, de sorte qu’une masse
re´duite peut conduire a` un grand volume effectif, et donc a` une probabilite´ importante
de capturer d’autres particules (Gregory and Duan, 2001).
Dans le cas du pontage entre particules, des polyme`res de haut poids mole´culaire
(ou des tensio-actifs) interagissent avec la surface de plusieurs particules via des
groupements atomiques ade´quats, amenant ainsi a` la de´stabilisation par floculation. Un
assemblage “particule-polyme`re-particule” peut eˆtre forme´ au sein duquel le polyme`re
sert de “pont” (Migo et al., 1997). Des comple´ments concernant l’agre´gation par
le me´canisme de pontage peuvent eˆtre trouve´s au paragraphe 1.5.1.3. Ce chapitre
s’inte´resse a` l’agre´gation de nanoparticules de silice par du chlorure d’aluminium (AlCl3)
et du CTAB.
Because the direct separation of silica nanoparticles from water would be difficult,
it is inevitable to modify their surface physico-chemical properties with some additives
such as salts or surfactants. This modification usually accompanies the aggregation of
nanoparticles. This chapter reports our investigations on the modification of nanosilica-
water interfacial behaviors and its further effects on the aggregation.
The electrolyte cation Al3+ and cationic surfactant CTAB were chosen as addi-
tives to be studied for changing nanosilica-water interfacial properties. The effect of
electrolyte cations on the structure of the silica-solution interface has been widely
discussed in the literature: comparing with monovalent and divalent cations, trivalent
cations as counterions have more obvious effects on neutralizing the surface charge of
silica; and Al3+ cations are able to reverse the surface charge by adsorption (Papirer,
2000). Cationic surfactant CTAB, which has been applied in the flotation process (Lien
and Liu, 2006), can affect the wetting behavior of silica particles and the colloid stability
(Koopal et al., 1999; Lien and Liu, 2006).
It is worth mentioning that although the surface of silica nanoparticles and these
additives (CTAB and Al3+) have counterions, the aggregation of the nanoparticles
might be more complicated than charge neutralization. Non-electrical effects such as
133
Chapter 4. Surface modification and aggregation of silica nanoparticles
interparticle sweep and bridging flocculation may also contribute to the aggregation
(Migo et al., 1997). Before any discussion of the possible aggregation mechanisms, the
definitions of coagulation, flocculation and aggregation should be made clear.
Coagulation is the destabilization of colloids by neutralizing the electric charge of
the dispersed phase particles, which results in aggregation. Flocculation is often the
aggregation of a colloid by polymer molecules (flocculant) bridging between the colloidal
particles and forming large fragile network structures (flocs), which may be easily
removed by sedimentation/flotation and filtering. Aggregation is a formation of groups
of particles (aggregates) bonded to each other by van der Waals or other forces. It is a
broad statement that may cover coagulation and flocculation (Tourbin, 2006).
In charge neutralization, electrostatic interaction occurs between a colloidal parti-
cle and a coagulant ion (or surfactant) of opposite charge. The ion valence of opposite
charge is very important. The observed effects should follow the Schulze-Hardy rule
which states the critical coagulation concentration (CCC) for ions of increasing valence as
1 : 2−6 : 3−6 (Hsu and Kuo, 2002). Moreover, the destabilization brought by counterions
may both owe to the compression of the double layer surrounding the colloidal particles
and the direct adsorption of counterions on the particle surface, causing the repulsive
electrostatic interactions between colloidal particles decrease (Aurell and Wistrom, 2000;
Migo et al., 1997). It is also possible that large amounts of coagulant lead to charge
reversal of the particles and thus restabilize them (Gregory and Duan, 2001).
It has been found that higher coagulant dosages of counterions than the quantity
for charge neutralization are often more effective in the practical wastewater treatment
by aggregation. This may be due to extensive hydroxide precipitation from the hydrolyz-
ing action of metal coagulants. Particles could be enmeshed in the growing precipitate
and hence could be removed from water by sedimentation. This process has become
known as sweep flocculation, since particles are “swept out” of water by hydroxide
precipitates. In addition, these hydroxide precipitates tend to have a rather open
structure, so that even a small mass could give a large effective volume concentration
and hence a high probability of capturing other particles (Gregory and Duan, 2001).
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In interparticle bridging, high molecular weight polymers (or surfactant) through
their active chemical group, interact with sites on the surface of the colloidal particle
causing destabilization. A “particle-polymer-particle” complex could be formed in which
the polymer serves as a “bridge” (Migo et al., 1997). More details of the aggregation
by bridging mechanism can be found in part 1.5.1.3. The following is to respectively
investigate the aggregation of nanosilicas by aluminum chloride (AlCl3) and CTAB.
4.1 Surface modification and aggregation of silica
nanoparticles by AlCl3
Because the surface of nanosilicas is negatively charged, electrostatic conditions are favor-
able for cation adsorption. The sorption of ions on bulk silica is similar to ion exchange
proposed in many early studies. By the back-titration of the H+ released from silica
surface after divalent cations addition, the number of protons released for each cation ad-
sorbed, which referred to as the H+/Mn+ stoichiometry ratio, was close to 1, indicating a
complexation between the metal ion and the vicinal surface groups (Papirer, 2000). For
Al3+, the possible ways of its adsorption on nanosilica surface may be as shown in fig.
4.11.
However, AlCl3 solution contains not only Al
3+, but also other aluminium and polymeric
aluminium species, mainly depending on pH values. The hydrolysis of AlCl3 is then
presented in the following part 4.1.1.
4.1.1 The hydrolysis of AlCl3
AlCl3 which can be hydrolysed strongly in water would present different species. Based
on the thermodynamic equilibria of possible species (Han et al., 2006):
the pH of the solution has a significant effect on the species present, depending mainly
on OH/Al ratio. The Al(OH)3(s) precipitate has a global positive charge for pH < 9 (Li
1Dotted lines represent a unclear complexation.
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Figure 4.1: Possible representations of Al3+ adsorption on nanosilica, X+ represents Na+
or H+
Major species Minor species
pH< 5 Al3+ Al(OH)2+, Al(OH)+2 , Al(OH)3(aq), Al(OH)3(s), Al(OH)
−
4
5 <pH< 9 Al(OH)3(s) Al
3+, Al(OH)2+, Al(OH)+2 , Al(OH)3(aq), Al(OH)
−
4
pH> 9 Al(OH)−4 Al
3+, Al(OH)2+, Al(OH)+2 , Al(OH)3(aq), Al(OH)3(s)
and Somasundaran, 1992; Han et al., 2006).
Based on potentiometric data and calculated concentrations, when pH is below 3,
Al3+ is the dominant species. Above this pH, the OH− anion is joined to the inner
coordination sphere as a ligand of aluminium; the complex Al(OH)2+ is dominantly
present at the pH range 4-5. The formation of polymeric aluminium species begin
approximately at pH 4.5. Above pH 8, aluminate anion Al(OH)−4 is the dominating
species. Other methods to study the aluminium hydrolysis such as 27Al-NMR and the
mass spectrometry also show that cationic aluminum species are dominant until pH < 8
(Ra¨mo¨, 2007).
Under the assumption of Al3+ being dominant and other aluminate species being
negligible, pHs of the aluminum hydrolysis were calculated at different AlCl3 concen-
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traitons based on the mass and the charge balances. Table 4.1 gives the comparison of
pHs measured and pHs calculated from eqs.4.1, 4.2, Ksp and Kw.
AlCl3 −→ Al3+ + 3Cl− (4.1)
Al3+ + 3OH− ⇋ Al(OH)3 (4.2)
Ksp = [Al
3+][OH−]3 = 10−33
Kw = [H
+][OH−] = 10−14
Table 4.1: Comparison of pHs measured and pHs calculated at different AlCl3
concentrations
AlCl3 concentration(mmol·L−1) 0 0.01 0.1 1 10 100
pH measured 5.5 4.47 4.20 4.53 4.03 3.26
pH calculated - 4.78 4.36 4.00 3.67 3.33
“-” represents that pH calculated does not exist.
From table 4.1, the pHs measured are close to the pHs calculated under the assumption,
which may suggest Al3+ to be dominant without the pHs control. The small differences
between these two pH values could result from the disregard of Al(OH)2+, Al(OH)+2 , etc.
Taking into account of always positive aluminum species being dominant at pH< 8, and
the ion exchange between multivalent cations and protons released from bulk silica more
likely being equimolar than equivalent (Papirer, 2000), aluminium would be capable to
make nanosilica surface positively charged theoretically such as the schematic presented
in fig. 4.1.
4.1.2 Aggregation results of nanosilicas with AlCl3
Generally, the aggregation is both a thermodynamic and a kinetic process. In the
course of nanoparticles aggregation, the interaction energy supplies the attraction or
repulsion as a function of the distance between interacting particles. Brownian motion
makes nanoparticles spontaneously transport from one place to another with a velocity
according to the impact of water molecules collision and kinetic energy of themselves.
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The kinetic energy of each particle changes with each collision and so changes with time.
When these colloidal particles have sufficient kinetic energy, they would overcome the
electrostatic barrier in some cases.
Baldwin and Dempsey (2001) calculated the length and the time of Brownian
jumps using only inertial and viscous forces. They gave the length of each Brownian
jump < 0.1 nm, and the time on the order of 10−9 s depending on particle sizes. This
means that brownian motion is not sufficient to overcome the electrostatic barrier which
works in the tens of nanometers. The approach of nanoparticles and consequently the
aggregation may take a long time to reach completion.
The aggregation results for nanosilicas 30R50 and 30R25 are respectively presented in
the parts 4.1.2.1, 4.1.2.2. Since the collisions between nanoparticles are dominated by
Brownian motion, no extra agitation was used and the characterization of the aggregates
was carried out after 2 weeks for the sufficient aggregation and sedimentation.
4.1.2.1 Aggregation of 30R50 with AlCl3
Three concentrations of 30R50 (0.05%, 0.15% and 0.51%) are investigated here. Firstly,
25 mL nanosilica suspensions with certain concentrations (0.05%, 0.15% and 0.51%)
were prepared in separate vials. Certain quantities of AlCl3 powders were weighted in
other vials. Then the nanosilica suspensions were added onto the AlCl3 powder. After
an immediate agitation by hands, these samples were let to deposit for 2 weeks in order
to reach equilibrium.
Taking 30R50 0.15% as an example: the adsorption of AlCl3 (0.05 ∼ 100 mmol·L−1)
modifies the silica surface (zeta potentials) from negatively to positively charged (see
fig. 4.2); and the pHs of suspensions are not more than 6, indicating cationic aluminum
species dominance.
Size distributions of these samples are further shown in fig. 4.3 and fig. 4.4. Large
aggregates are obtained for AlCl3 concentrations between 0.5 to 1 mmol·L−1, where ζ
values are near zero. M(AlCl3)=0.05 and 10 mmol·L−1 that correspond to |ζ| > 30 mV
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Figure 4.2: Zeta potential and pH profiles of the 30R50 (0.15%) at different concentrations
of AlCl3 (mmol·L−1)
can not destabilize nanosilica particles. Here, ζ values of samples with M(AlCl3)=50, 100
mmol·L−1 were not measured due to the excess concentrations beyond the instrument
limit. Compared with M(AlCl3)=10 mmol·L−1 (ζ = 37.6 mV), M(AlCl3) 50 and 100
mmol·L−1 would correlate with higher positive ζ and then restabilize nanosilica particles
by positive surface charges in fig. 4.4. When M(AlCl3)=0.1 mmol·L−1 (ζ = −19 mV)
and 5 mmol·L−1 (ζ = 30.4 mV), particle sizes less increase than those near the zero
point, especially for M(AlCl3)=5 mmol·L−1 (ζ = 30.4 mV). Furthermore, for 30R50
0.15%, the largest aggregates from AlCl3 reached about 100 µm but most of them were
about 10 µm.
As the aggregation of 30R50 0.15% can be well explained by the surface potential
measurement and the charge neutralization mechanism, 30R50 0.05% and 0.51% were
further studied for the particle concentration effect on aggregation.
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Figure 4.3: Particle size of the 30R50 (0.15%) with different concentrations of AlCl3
(0.05, 0.1, 0.5, 1 mmol·L−1) analysed by Mastersizer 2000
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Figure 4.4: Particle size of the 30R50 (0.15%) with different concentrations of AlCl3
(5, 10, 50, 100 mmol·L−1) analysed by Mastersizer 2000
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Figure 4.5: Zeta potential and pH profiles of the 30R50 (0.05%) at different concentration
of AlCl3 (mmol·L−1)
For 30R50 0.05% in fig. 4.5, when M(AlCl3) > 1 mmol·L−1, ζ values could not be
correctly analyzed, but they are expected to be more than 30 mV and could stabilize
silica particles. M(AlCl3)=0.05 and 0.1 mmol·L−1 which correspond to |ζ| < 20 mV
should cause aggregates, but size distributions in fig. 4.6 only present a few aggregates.
This may be due to the very low concentration (0.05%) of silica nanoparticles. Otherwise,
the interpretation might be the presence of a “hairy layer” consisting of polysilicilic
acid on the silica particle surface at low/mid pH and relatively high ionic strength.
Water molecules could dissolve or diffuse into and swell the silica surface (Adler et al.,
2001), possibly causing the “hairy layer”. Hence, repulsion may be attributed to the
strain of elastic deformation or to steric repulsion of polysilicilic acid chains suggested
to constitute the gel layer. Existence of such a layer has been suggested on the basis of
direct force measurements or simulation between silica particles (Atkins and Ninham,
1997; Adler et al., 2001; Papirer, 2000; Kobayashi et al., 2005b,a). Fig. 4.7 shows the
schematic of the “hairy layer” on the silica particle surface.
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Figure 4.6: Particle size of the 30R50 (0.05%) at different concentrations of AlCl3
(mmol·L−1) analysed by Mastersizer 2000
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Figure 4.7: The schematic of the “hairy layer” on the silica particle surface
For 30R50 0.51% from fig. 4.8, ζ values (|ζ| < 30 mV) suggest that the aggregation
should happen for M(AlCl3) between 0.1 to 10 mmol·L−1. Contrarily, the size distribu-
tions in fig. 4.9 only show aggregates at M(AlCl3)=1 and 10 mmol·L−1. The stability
of Klebosol 30R50 0.51% at M(AlCl3)=0.1 and 0.5 mmol·L−1 may also result from the
repulsion of hairy structure on silica surface. Similar to 30R50 0.15%, a majority of
aggregates have a size of about 10 µm.
Figure 4.8: Zeta potential and pH profiles of the 30R50 (0.51%) at different concentrations
of AlCl3 (mmol·L−1)
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Figure 4.9: Particle size of the 30R50 (0.51%) at different concentrations of AlCl3
(mmol·L−1) analysed by Mastersizer 2000
145
Chapter 4. Surface modification and aggregation of silica nanoparticles
Turbidity of these samples was measured to check if silica nanoparticles could be
removed just from sedimentation after aggregation. After 2 weeks of aggregation
and sedimentation, the aggregates were laid down at the bottom of the vials and the
supernatant liquid was analysed. From table 4.2, turbidity values of 30R50 0.05% with
AlCl3 at different concentrations show no significant changes. This aggrees with the size
distribution measurements of 30R50 0.05% with AlCl3 in fig. 4.6, where most of the
nanoparticles remain at about 0.1 µm. However, for 30R50 0.15% (1 mmol·L−1 AlCl3)
and 30R50 0.51% (1 and 10 mmol·L−1 AlCl3), it was possible to remove > 99% of the
turbidity.
Table 4.2: Turbidity values of 30R50 (0.05%, 0.15%, 0.51%) after aggregation
M(AlCl3) (mmol·L−1) 0 0.05 0.1 0.5 1 10 100
Turbidity of 30R50 0.05% (NTU) 61.9 70 97.6 46.6 113 67.8 85.4
Turbidity of 30R50 0.15% (NTU) 171 218 1027 1.3a 0.6a 250 219
Turbidity of 30R50 0.51% (NTU) 542 798 1059 876 0.4b 0.4b 732
a represent that large aggregates exist at ζ ≈ 0.
b represent the disagreement with the existence of large aggregates at ζ = 0.
It can also be observed in table 4.2 that the turbidity value of 30R50 0.15% with 0.1
mmol·L−1 AlCl3 much increases after aggregation and sedimentation. Refering to the
fig. 4.3, size distribution of this sample is about 1 µm, indicating that small aggregates
dispersed in the suspension which then enhanced the turbidity. Other concentrations of
AlCl3 (0.05, 10 and 100 mmol·L−1) with 30R50 0.15% have nearly the same turbidity as
30R50 0.15% itself. Their size distributions in fig. 4.3 and 4.4 show little change as well.
The 0.1 mmol·L−1 AlCl3 made the turbidity of 30R50 0.51% increase, maybe due to the
hairy structure on silica surface.
After a series of tests on the aggregation behavior from three concentrations of
nanosilica 30R50, only 0.15% could be well explicated by the screen of electrostatic
repulsion from the DLVO theory. There are certainly other forces to take into account
between these colloidal particles. To better understand the aggregation behavior and
the particle size effect, nanosilica 30R25 were also studied as presented subsequently.
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4.1.2.2 Aggregation of 30R25 with AlCl3
Comparison between the surface of 30R25 and 30R50 at the same volume concentration
(%), S30R25 is about 2 times as large as S30R50 (2 being the ratio between the radii of
30R50 and 30R25). As most of the atoms are exposed to the nanoparticles surface, the
change in surface properties caused by the reduction in diameter might modify their
behaviors during the aggregation.
30R25 0.15% is thus studied to compare with the aggregation of 30R50 0.15% for
the size effect. Table 4.3 gives the zeta potential and pH values of 30R25 0.15%
with different concentrations of AlCl3, in which the isoelectric point appears at about
M(AlCl3)=0.5 mmol·L−1. Noted that the isoelectric point for 30R50 0.15% in fig. 4.2
is about M(AlCl3)=0.5 mmol·L−1 as well, but it has smaller total surface area and
then less silanol and siloxane (negative charges) on the surface due to their larger
diameter. This should result in the isoelectric point of 30R25 0.15% to be found at
larger concentration of AlCl3 than in the case of 30R50. It is difficult to explain the
abnormity. The possible reason may be that the zeta potential measured is the value
of small aggregates or nanosilicas rather than the large aggregates since the latter drop
too fast. The complicated formation of nanosilica and aluminium species, the different
aggregation mechanisms may also contribute to the abnormity. In addition, the fact that
the initial compositions of 30R50 and 30R25 could be different, because the quantity of
Na2O in these products is actually unknown, which is probably the main reason of the
abnormity.
Table 4.3: Zeta potential and pH of 30R25 0.15% with AlCl3
M(AlCl3) (mmol·L−1) 0.1 0.5 0.6 1 5
Zeta potential (mV) −28 −0.29 6.9 13.2 44.3
pH 4.78 3.81 3.5 3.39 3.64
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Figure 4.10: Particle size of the 30R25 (0.15%) at different concentration of AlCl3
(mmol·L−1) analysed by Mastersizer 2000
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The size distributions of these samples are shown in fig. 4.10. All of them presented
aggregates whatever their ζ values. When M(AlCl3)=5 and 10 mmol·L−1, few nanopar-
ticles of 30R25 are detected. The large aggregates can increase until 1000 µm, but most
of them are smaller (≤ 1000 µm). Before the discussion of the possible aggregation
mechanisms, the aggregation of 30R25 0.05% and 0.51% with different concentrations of
AlCl3 are presented.
For 30R25 0.05%, again a very different behavior from 30R50 0.05% with M(AlCl3)
(fig. 4.6) is presented in fig. 4.11. All of the samples contain aggregates, and the larger
ones appear for M(AlCl3)≥ 0.5 mmol·L−1, while the isoelectric point of 30R25 0.05% is
between 0.1 and 0.2 mmol·L−1 AlCl3 (table 4.4). Compared with 30R50 0.05%, which
has the isoelectric point at M(AlCl3)> 0.5 mmol·L−1 (fig. 4.5) but has relatively small
surface area and thus less negative charges, the size effect on the isoelectric point is
incompatible with the charge neutralization mechanism. Other mechanisms might rule
the aggregation of 30R25.
Table 4.4: Zeta potential and pH of 30R25 0.05% with AlCl3
M(AlCl3) (mmol·L−1) 0.1 0.2 0.5 0.8 5
Zeta potential (mV) −6.2 1.2 14.1 22.3 46.7
pH 4.23 4.05 4.01 3.99 4.05
Generally, coagulants based on hydrolyzing metal salts such as AlCl3 could form
various cationic species. These cationic species would be adsorbed by negatively charged
particles and lead to charge reduction. At low coagulant dosages, charge neutralization is
a possible mechanism of particle destabilization, but at a ionic concentration sufficiently
high, Al(OH)3 could form and colloidal particles can be enmeshed in these precipitates
(Wu et al., 2007; Li et al., 2006). As particles of 30R25 are smaller than those of 30R50,
they are more likely to be captured by the sweep of Al(OH)3 precipitates. This may be
one reason for the aggregates of 30R25 0.15% and 0.05% formed at high M(AlCl3) and
high positive ζ.
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Figure 4.11: Particle size of the 30R25 (0.05%) at different concentration of AlCl3
(mmol·L−1) analysed by Mastersizer 2000
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When M(AlCl3)=0.1 mmol·L−1 (ζ = −6.2 mV shown in table 4.4), the aggregates
are not very numerous, possibly due to the hairy layer (structure repulsion) on silica
surface. The large aggregates can reach about 1000 µm for 30R25 0.15% and 0.05%,
suggesting that the floc size from sweep mechanism may be larger than that from charge
neutralization for 30R50.
For 30R25 0.51%, when M(AlCl3)=0.2 mmol·L−1 (ζ = −25.2 mV in table 4.5),
silica nanoparticles nearly remain stable as presented in fig. 4.12, as same as the 30R25
0.51% with M(AlCl3)=10 mmol·L−1 (supposed ζ > 30 mV). For M(AlCl3) 0.5, 0.8
and 1 mmol·L−1, size distributions in fig. 4.12 are almost the same. It seems that the
aggregation results of 30R25 0.51% agree with the charge neutralization mechanism and
with the fact that this colloid was more stable at this concentration (0.51%) than at
other concentrations (0.05% and 0.15%). Since more silica nanoparticles can be found
at 30R25 0.51%, there might be a competition between aluminium species adsorption
(including Al(OH)3) and a precipitation of Al(OH)3. As a result, there is no obvious
sweep flocculation at this concentration. The pH of 30R25 0.51% at M(AlCl3)=0.2
mmol·L−1 is 7.64, indicating AlCl3 has consumed few OH− ions, as the pH of 30R25
0.51% itself is 8.82.
Table 4.5: Zeta potential and pH of 30R25 0.51% with AlCl3
M(AlCl3) (mmol·L−1) 0.2 0.5 0.8 1 5
Zeta potential (mV) −25.2 −9.9 −2.8 1.1 21.1
pH 7.64 4 3.77 3.72 3.72
So far, the aggregation behavior for three particle concentrations (0.05%, 0.15%, 0.51%)
and two particle sizes (75 nm and 30 nm) have been discussed and compared. Since
many factors such as particle concentration, particle size, electrolyte concentration, pH
of the solution, particle surface properties, etc... would all affect the aggregation, it is
difficult to correlate all the parameters and to explain the process by one given mechanism.
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Figure 4.12: Particle size of the 30R25 (0.51%) at different concentration of AlCl3
(mmol·L−1) analysed by Mastersizer 2000
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For Klebosol 30R50, the aggregation of silica nanoparticles could be mainly due to the
charge neutralization; while in relatively high ions concentration, the possible hairy layer
formed on silica surface may contribute to particles stability at |ζ| ≥ 30 mV. The sweep
flocculation by Al(OH)3 precipitate might be the reason for 30R25 particles aggregation
at sufficiently high M(AlCl3).
Noting that even if the turbidity measurements of 30R50 (table. 4.2) have shown
good removal results by the aggregation and sedimentation, one has to wait long time
(not less than two weeks) and deal with a large volume of sludges after these processes.
Therefore, it may be more interesting to investigate the kinetics of nanosilica aggregation
and choose flotation and/or coagulation as the treatment process.
4.1.3 Kinetics of nanosilica aggregation with AlCl3
As described above, the aggregation of silica nanoparticles is not only a thermodynamic
process, but also a kinetic process. The study of the kinetics is useful in determining the
aggregation mode, the dynamic scaling laws and the critical coagulation concentration
(CCC). Moreover, the aggregation kinetics study, usually considering coagulation at the
early stage, may partially avoid the complication of different aluminium species sorption,
since their hydrolyzation would last for a long period depending on the pH. The three
following situations are classical in perikinetic aggregation when particles are moving in
a quiescent fluid under thermal forces.
Irreversible reaction-limited aggregation (RLA)
In this process, the rate of two particles attachment is much slower than the collision
rate, a large number of collisions are required before two particles can stick together,
resulting in a slow aggregation rate (Lin et al., 1990).
Irreversible diffusion-limited aggregation (DLA)
This aggregation mode implies that when two particles collide, they immediately form
an aggregate. Permanent sticking thus results from collisions between particles which
are present in the suspension. The aggregation rate is limited only by the time between
the collisions of the clusters due to their diffusion (Elaissari and Pefferkorn, 1990).
153
Chapter 4. Surface modification and aggregation of silica nanoparticles
Reversible aggregation-fragmentation process (CFP)
In this process, the concomitant aggregation and fragmentation processes lead to
establishment of a dynamic equilibrium characterized by the existence of constant mean
cluster sizes (Pefferkorn and Stoll, 1990).
Except for the above statements, the theoretical basis for the quantitative de-
scription of coagulation kinetics was developed by Smoluchowski who first identified the
two limiting modes of coagulation.
• In dispersions undergoing Brownian coagulation, macroscopic convective effects are
ignored as particle collisions are assumed to result only from diffusion induced by
Brownian motion.
• In flow-induced coagulation, Brownian diffusional effects are negligible, but particle
collisions result from a nonuniform macroscopic flow field applied to the dispersion
(Gardner and Theis, 1995; Feke and Schowalter, 1985). For that, the particle size
has to be sufficient to be comparable with the hydrodynamic scales. It can not be
the case for nanoparticles in the range under consideration here (30− 100 nm).
Smoluchowski’s aggregation equation describes the kinetics of the process of binary ag-
gregation, considering only collision-limited coagulation, where each collision results in
permanent adhesion between particles (Wattis, 2008). The balance of classical Smolu-
chowski kinetic equation can be described as (Amal et al., 1990):
dnl
dt
=
1
2
l−1∑
i=1,j=l−i
βijninj −
∞∑
i=1
βlinlni, (4.3)
where ni, nj and nl are the numbers of particles of size i, j and l respectively; βij is
the aggregation rate constant for the attachment between particles with size of i and j,
whose value depends on the nature of relative motion between the attached particles as
well as the details of the reaction cross section.
In our work, the aggregation kinetics study focus on the CCC research for silica
nanoparticles. According to DLVO theory, when the electrolyte concentration balances
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the attractive and repulsive potential energies between the particles, the colloidal
particles begin to aggregate. This concentration of electrolyte is called CCC, which can
be affected by colloid concentration, particle size, temperature, colloid nature and so on
(Garcia et al., 2007).
By choosing a suitable concentration of AlCl3 for fast particle aggregation, the
stability ratio in aggregating suspension can be obtained by:
W = βfast/β
′ (4.4)
where β′ is the aggregation rate in the reaction-limited regime. In this regime, an increase
in the electrolyte concentration screens the surface charge of the nanoparticles, and
reduces the energy barrier to aggregation, leading to faster aggregation until reaching
the βfast in the diffusion-limited regime. At the electrolyte concentrations of βfast,
the energy barrier is eliminated, leading to diffusion controlled aggregation (Chen and
Elimelech, 2006). The CCC is then the intersection between the extrapolations through
the reaction- and diffusion-limited regimes (Hsu and Liu, 1999) (i.e. W=1). The DLS
technique that did not directly determine the aggregation rate β, but rather changes in
nanoparticles’ sizes with time, was used to analyze the CCC by measuring the initial
rate of changes in nanoparticle’s size with increasing electrolyte concentrations. It can
be demonstrated that βfast/β
′ = kfast/k
′ so the measurement of the size variation gives
W.
However, for nanosilica aggregated by AlCl3, the situation of CCC is more com-
plicated due to the surface charge reverse. As we have seen in the part 4.1.2, large
quantities of AlCl3 could restabilize silica nanoparticles by the sorption of positively
charged aluminum species, which could make the nanosilica surface positive. Thus, the
diffusion-limited regime of nanosilica with AlCl3 at CCC would be impermanent. The
aggregation kinetics are firstly studied for 30R50 at different concentrations (0.15%,
1.5% and 5.1%), and then compared with the results of 30R25. The zeta potential and
pH values of these samples were finally not retained, since they varied too much over
the time required to perform the measurements. These analyses would then indicate
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nothing.
4.1.3.1 CCC of nanosilica 30R50
Fig. 4.13 presents the increase rate in the hydrodynamic diameter of 30R50 (0.15%) by
the addition of AlCl3. The slope kfast = 13.055 nm·S−1 appears at the M(AlCl3)=0.15
mmol·L−1. Other electrolyte concentrations, higer or lower than the CCC value
(M(AlCl3)=0.15 mmol·L−1), always cause slower aggregation rate k′.
Figure 4.13: Aggregation rate versus time for 30R50 0.15% at different concentrations of
AlCl3 (mmol·L−1)
Fig. 4.14 further shows the stability ratio W of 30R50 (0.15%) depending on different
concentrations of AlCl3. The values of W have a tendency of first decrease and then
increase. The diffusion controlled regime in fig. 4.14 is just a point (W = 1) instead of a
flat line in more standard situations, indicating the continuous adsorption of aluminium
species after the CCC.
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Figure 4.14: Stability plot for 30R50 0.15% versus concentrations of AlCl3 (mmol·L−1)
It is worth noting that the size distribution of 30R50 0.15% with different M(AlCl3) after
2 weeks of interaction (fig. 4.3) shows small aggregates (about 1 µm) at 0.1 mmol·L−1
AlCl3, and large aggregates (1 ∼ 100 µm) at 1 mmol·L−1. However, the aggregation
rate study in fig. 4.13 shows little increase in hydrodynamic diameters (until 1000 S)
at M(AlCl3)=0.5 and 1 mmol·L−1 AlCl3. These results agree with the assumption that
the CCC determination at the early stage of aggregation may be less influenced by
the complex evolution of the aluminium species than by the immediate surface charge
neutralization. Thus the CCC of 30R50 0.15% is at M(AlCl3)=0.15 mmol·L−1 rather
than M(AlCl3)=0.5 or 1 mmol·L−1 for which ζ ≈ 0.
In order to verify and compare with the above results, other concentrations 30R50 1.5%
and 5.1% were investigated. From fig. 4.15 and 4.16, the CCC of 30R50 1.5% could
be obtained at M(AlCl3)=1.2 mmol·L−1 (kfast = 16.928 nm·S−1), which is nearly 10
times the CCC for 30R50 0.15%; and for 30R50 5.1% from fig. 4.17 and 4.18, the CCC
is at M(AlCl3)=2.5 mmol·L−1 with kfast = 16.2 nm·S−1. It seems that all the kfast
are found between 13 and 17. In addition, the CCC values for these three samples
seem to follow a linear dependency to the 30R50 concentrations, in agreement with
the surface charge neutralization mechanism proposed for aggregation. Again, the
stability ratios of 30R50 1.5% (fig. 4.16) and 5.1% (fig. 4.18) present a tendency of
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“stabilization-destabilization-restabilization”.
Figure 4.15: Aggregation rate versus time for 30R50 1.5% at different concentrations of
AlCl3 (mmol·L−1)
The kfast approximation of 30R50 at different concentrations could be understood since
the aggregation kinetics are Brownian diffusion-limited. Supposing nanosilica particles
are indifferent to each other and sufficiently small to have negligible settling velocity, the
fast rate constant βfast can be based on Fick’s first law with the coefficient of diffusivity
estimated from the Stokes-Einstein equation (Amal et al., 1990; Gardner and Theis,
1995):
βij(r) =
2kBT
3η
(
1
ri
+
1
rj
)(ri + rj) (4.5)
where kB is Boltzmann’s constant, T is the absolute temperature, η is the solvent viscosity,
ri and rj are the radii of the colloidal particles or aggregates. For a monodisperse system
(ri = rj), the rapid rate constant is reduced to
β(r) =
8kBT
3η
(4.6)
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Figure 4.16: Stability plot for 30R50 1.5% versus concentrations of AlCl3
Figure 4.17: Aggregation rate versus time for 30R50 5.1% at different concentrations of
AlCl3 (mmol·L−1)
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Figure 4.18: Stability plot for 30R50 5.1% versus concentrations of AlCl3 (mmol·L−1)
Eq. 4.3 indicates that βfast is independent of particle concentrations. However, He
et al. (2008) found that at the same ionic strength and pH, aggregation rate increased
with higher particle concentration, but they also proposed that when the concentrations
are not very different, there is no significant effect, especially for the diffusion-limited
regime. In our experiments, as we actually measure k and not β, it could be possible to
see an effect of the concentration (see appendix A).
However, the small differences among kfast (13 ∼ 17 nm·S−1) for three concentra-
tions of 30R50 could also result from the experimental deviation. The CCC values in
this work are just one point for each 30R50 concentration based on the stabilization-
destabilization-restabilization process, so it is very likely to have some errors.
The approximately linear dependency between the concentrations of 30R50 nanosilica
and their CCC values could be due to the neutralization of the negative surface charge:
higher concentration corresponding to more nanosilicas in the suspension, and then more
negative surface charges. Since the aggregation rate at CCC is fast and only electrolyte is
added, neither sweep flocculation from the hydrolyzed Al(OH)3 nor bridging flocculation
from the polymeric aluminium species are considered. Thus, the suspension with higher
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concentration need more cationic ions to overcome the surface charge repulsive effect,
leading to a higher CCC.
After a fast kinetics study of silica nanoparticles, the CCC of AlCl3 for different
concentrations of Klebosol 30R50 have been found. kfast seems to be independent of the
particle concentrations and the CCC values are nearly linear to the particle concentra-
tions. These results would be helpful for the further study of the coagulation/flotation
process in order to remove nanoparticles. In the next part, the particle size effect is
described.
4.1.3.2 CCC of nanosilica 30R25
Klebosol nanosilica 30R25 1.5% was studied for the particle size effect and compared
with the results of 30R50. From fig. 4.19 and 4.20, the CCC of 30R25 1.5% is about
M(AlCl3)=1.5 mmol·L−1; while for 30R50 1.5% from fig. 4.15 and 4.16, the CCC is at
M(AlCl3)=1.2 mmol·L−1.
The comparison between these two close CCC values for 30R50 and 30R25 at the same
concentration (1.5%) may indicate the independence of the CCC over the particle size.
However, He et al. (2008) found that the CCC value has a decreasing trend with the
decrease of particle size at the same pH condition, but they also pointed out that this
conclusion was supported by low particle concentrations and low pH. In our work, 30R50
(about 75 nm) and 30R25 (about 30 nm) do not have much significant differences in size
and the concentration (1.5%) may be too high, so the particle size effect is not so obvious.
A possible explanation could be as follows: the DLVO theory predicts that inter-
action potential decreases as particle size decreases, and that smaller particles are more
susceptible to aggregation at the same conditions (He et al., 2008). Fig. 4.21 presents
the DLVO prediction of particle size effect on the particle interaction without adding
AlCl3. It seems easier for 30R25 to overcome the repulsive barrier, leading to a decrease
of the CCC. However, one must pay attention that such a DLVO prediction is based on
the assumption that the same quantity of siloxane (—SiO−) groups are on the surfaces
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Figure 4.19: Aggregation rate versus time for 30R25 1.5% at different concentrations of
AlCl3 (mmol·L−1)
Figure 4.20: Stability plot for 30R25 1.5% versus concentrations of AlCl3 (mmol·L−1)
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of 30R50 and 30R25 nanoparticles. However, as the particle size decreases, for the same
volume percentage, 30R25 (1.5%) contains more particles than 30R50 (1.5%), the total
surface area of 30R25 is then about twice as large as that of 30R50, suggesting that more
negative charges are on 30R25 surface. This means a large amount of cations might be
required to neutralize them. When these two effects reversely work at the same time,
the particle size effect on the CCC may be counteracted.
Figure 4.21: DLVO prediction of particle size effect on particle interaction, using Hamaker
constant A=8.3 × 10−21 J (Kobayashi et al., 2005a), surface potential of 30R50 and
30R25, [H+], [OH−] in the suspensions based on the zeta potential and pH measurement
in chapter 2, and using particle concentration 1.5% (Na2O=0.2%)
Furthermore, the kfast of 30R25 1.5% is 31.4 nm·S−1, which is about twice as fast as
the kfast (16.928 nm·S−1) of 30R50 1.5%. Considering that smaller particles contribute
to the faster diffusion based on Brownian motion, 30R25 nanosilica could have a faster
aggregation rate. Fig. 4.22 shows the aggregation rate k′ of 30R25 0.15% at different
AlCl3 concentrations. The intersection (CCC) between the extrapolations through the
two reaction-limited regimes can be obtained at about 0.25 mmol·L−1 with kfast about
30 nm·S−1, suggesting again that the kfast corresponds to the particle size rather than
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the particle concentration.
Figure 4.22: Aggregation rate k′ of 30R25 0.15% at different concentrations of AlCl3
(mmol·L−1)
Through the above results of both 30R50 and 30R25, the CCC values for these samples
increase almost linearly with the nanosilica concentrations. This is different from the
work of Tombacz and Szekeres (2004), in which the CCC values were independent of the
concentrations of montmorillonite (d > 200 nm). Since the particle size in our work is
smaller, the surface nature could have a stronger influence on the CCC value. Moreover,
size effect of 30R50 and 30R25 at the same concentration does not clearly show a
correlation with the CCC. On the contrary, the aggregation rates at diffusion-limited
regime marked by the slopes kfast correlate with their particle sizes. This effect could find
some theoretical support by considering that the aggregation rate β remains constant
with the particle diameter (eq. 4.6) but not k (see appendix A).
One may be concerned by the choice of AlCl3 instead of the polyaluminum chlo-
ride (PACl) to perform this study. Indeed, PACl does not hydrolyze in solution and it is
more effective for aggregation. The reason of this choice is that the intended separation
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process in our work is based on flotation and should be as “green” as possible. Large
aggregates formed with the polymer (bridging mechanism) may detach easily from small
bubbles and bring other complexities in the flotation process. The additives (AlCl3
or CTAB) would rather be used to modify the surface properties than to aggregate
the nanoparticles, since it may not be necessary to increase the particle size for an
efficient flotation to happen (part 1.5.4). Nevertheless, it might be inevitable to cause
aggregation with these additives (AlCl3 or CTAB). After the detailed investigation on
AlCl3, the study of CTAB is presented in the next part.
4.2 Surface modification and aggregation of silica
nanoparticles by CTAB
CTAB which is composed of a cationic polar head and a hydrophobic tail could
aggregate nanosilica by both surface charge neutralization from the cationic head and/or
hydrophobic effect from the long hydrocarbon tail. Another difference from AlCl3:
CTAB does not involve different hydrolyzed species. In addition, CTAB could also
stabilize bubbles and modify their surface properties to benefit flotation process. It is
then interesting to explore the aggregation of nanosilica by CTAB.
As a surfactant, CTAB can spontaneously form micelles beyond a certain concen-
tration and thus may not play the role we expect in aggregation. For this reason, the
critical micelle concentration (CMC) of CTAB is very important. From fig. 3.8 in
chapter 3, the CMC of CTAB is 0.92± 0.05 mmol·L−1.
Table 4.6: The properties of CTAB in water
Concentration (mmol·L−1) Conductivity (µs·cm−1) Turbidity (NTU) pH
0 1.1 0.056 6.65
0.01 2.1 0.05 6.54
0.1 11.2 0.07 6.51
1 94.9 0.095 6.13
10 301 0.185 5.55
100 2230 0.81 6.55
Table 4.6 gives conductivity, turbidity and pH of CTAB in water at different con-
165
Chapter 4. Surface modification and aggregation of silica nanoparticles
centrations. For different Klebosol 30R50 suspensions (0.05%, 0.15% and 0.51%),
the turbidity is respectively 61.9 NTU, 171 NTU and 542 NTU. The fact that the
turbidity values of CTAB concentrations (table 4.6) are much smaller than those of the
nanosilica suspensions indicates that the extra CTAB would not change the turbidity
of nano-SiO2/CTAB/water systems in the supernatant liquid after aggregation and
sedimentation. Moreover, CTAB is easily dissociated into cationic CTA+ and bromide
ion and its speciation is not influenced by the pH changes (Lien and Liu, 2006). From
table 4.6, pHs of different CTAB concentrations have no obvious change. The pHs of
samples are then not adjusted to one specific value in this work.
After this short introduction of the CTAB properties, aggregation of 30R50 and
30R25 nanoparticles with CTAB are studied respectively. For 30R50 nanoparticles,
three concentrations (0.05%, 0.15% and 0.51%) are investigated, and then 30R25 0.15%
is studied. The concentration effect and the particle size effect are compared. These
results are presented in the part 4.2.1 and 4.2.2 respectively.
4.2.1 Aggregation of 30R50 with CTAB
Firstly, table 4.7 presents pHs of nano-SiO2/CTAB/water systems. Again, these pH
values do not change much. Since the composition of Klebosol 30R50 can not be
obtained exactly, as well as the complexities of the micelles effect and reaction effect
between 30R50 and CTAB, the changes of pH in nano-SiO2/CTAB/water systems can
not be yet completely explicated; but considering the small pH differences, the influence
of pHs is neglected in the following results.
Table 4.7: pHs of 30R50 nano-SiO2/CTAB/water systems
M(CTAB) (mmol·L−1) 0.05% 0.15% 0.51%
0 6.70 6.83 7.79
0.01 6.27 6.84 7.79
0.1 6.08 6.88 6.27
1 6.66 6.41 5.58
10 6.14 5.87 5.32
100 5.73 5.70 5.59
Fig. 4.23 gives the zeta potential and pH profiles of 30R50 (0.15%) at different con-
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centrations of CTAB. The isoelectric point for 30R50 0.15% is at about M(CTAB)=0.1
mmol·L−1. Fig. 4.24 further gives size distributions of these samples.
Figure 4.23: Zeta potential and pH profiles of the 30R50 (0.15%) at different concentration
of CTAB (mmol·L−1)
While adding CTAB 0.01 and 100 mmol·L−1 to 30R50 (0.15%), the size distributions
of these two samples are nearly the same as 30R50 0.15% without CTAB as shown in
fig. 4.24, except a few aggregates of 10 to 1000 µm observed for M(CTAB)=0.01 and
100 mmol·L−1. This result suggested that CTAB 0.01 mmol·L−1 might be too diluted
to induce an efficient aggregation. Most of the silica nanoparticles are still stable and
separated. The ζ ≈ − 30 mV in agreement with the stabilization as well. In contrast,
CTAB 100 mmol·L−1 which exceeds by far the CMC, might either form micelles by
itself, or further form a bilayer or a multilayer on the surface of silica. In both cases,
it leads to the stabilization of the nanoparticles by surface charges. The ζ = +46 mV
implies the formation of a bilayer or a multilayer, but the possibility of CTAB micelles
formation in parallel is not excluded. From fig. 4.24 it is clear that CTAB 0.1 and 1
mmol·L−1 gave the best aggregation results and very few silica nanoparticles stayed in
solution after aggregation. In these conditions, ζ < 30 mV also characterizes a probable
aggregation. However, when M(CTAB)=10 mmol·L−1, the aggregates exist at ζ > 30
mV; M(CTAB)=0.01 and 100 mmol·L−1 also bring a few aggregates at |ζ| > 30 mV.
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Figure 4.24: Size distribution of the 30R50 (0.15%) at different concentrations of CTAB
(mmol·L−1) analysed by Mastersizer 2000
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Before a detailed analysis of this phenomenon, aggregations of 30R50 0.05% and 0.51%
are investigated.
For aggregation of 30R50 0.05% (see fig. 4.25), when M(CTAB)=0.1 mmol·L−1,
corresponding to |ζ| < 30 mV, efficient aggregation can be obtained (see fig. 4.26), and
there is few nanoparticles in suspension. When M(CTAB)=0.01 and 100 mmol·L−1, a
few aggregates form probably due to high surface charge of particles (|ζ| > 30 mV); but
when M(CTAB)=1 and 10 mmol·L−1 (ζ > 30 mV), aggregates still come into being.
This phenomenon is almost the same as those of 30R50 0.15%.
Figure 4.25: Zeta potential and particle size profiles of 30R50 (0.05%) with different
concentrations of CTAB (mmol·L−1)
However, for aggregation of 30R50 0.51% (see fig. 4.27), not only M(CTAB)=10
mmol·L−1 (ζ > 30 mV) can form aggregates (see fig. 4.28), M(CTAB)=0.1 mmol·L−1
(ζ < 30 mV) can also make nanosilica aggregate. Better aggregation results are found
for M(CTAB)=0.1 to 10 mmol·L−1, but 0.01 and 100 mmol·L−1 CTAB can also form a
few aggregates.
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Figure 4.26: Size distribution of the 30R50 (0.05%) at different concentrations of CTAB
(mmol·L−1) analysed by Mastersizer 2000
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Figure 4.27: Zeta potential and particle size profiles of 30R50 (0.51%) at different con-
centrations of CTAB (mmol·L−1)
To sum up, it could be concluded that the interactions between silica nanoparticles and
CTAB act as follows. Small quantities of CTAB firstly act in a monolayer formation
that is controlled by electrostatic interaction between positively charged surfactant
headgroups and siloxane groups (—SiO−). Considering that the CTAB molecule size
is 2 ∼ 4 nm (Riisager and Hanson, 2002; Wei et al., 2005; Goyal and Aswal, 2001;
Zhang et al., 2000), but the barrier of interaction energy between 30R50 nanoparticles
works until > 10 nm (see fig. 4.21), aggregation of nanosilica might mainly result from
the diminution of negative charge rather than the hydrophobic interaction between
hydrocarbon tails. Furthermore, it is well known that adsorption of CTAB on silica
surface could overcome the micelles formation in bulk water (Bryleva et al., 2007, 2006;
Bi et al., 2003). This may be the reason why even if the CTAB concentrations are
near or higher than the CMC, a good aggregation can still be obtained. However,
when the concentration of CTAB is much higher than the CMC (e.g. 100 mmol·L−1),
whatever the concentration of 30R50, the bilayer or multilayer owing to hydrophobic
interaction between surfactant hydrocarbon tails could be formed, leading to restabilize
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Figure 4.28: Size distribution of the 30R50 (0.51%) at different concentrations of CTAB
(mmol·L−1) analysed by Mastersizer 2000
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nano-SiO2/CTAB/water systems. Fig. 4.29 describes the possible interactions between
CTAB and nanosilicas.
Figure 4.29: Simplified scheme of CTAB mono-, bi- and multilayer on SiO2/water inter-
face, counterions Br− is omitted for clarity (Bryleva et al., 2007)
The aggregation at M(CTAB)=10 mmol·L−1 (ζ > 30 mV) for all three concentrations
of 30R50, which should be stable according to DLVO theory, can not be explained by
common knowledge. Another mechanism called “depletion” or “volume-restriction” may
contribute to the aggregation at high concentrations of CTAB (Furusawa et al., 2002).
As the concentration of CTAB 10 mmol·L−1 is much larger than its CMC, the formation
of micelle could not be avoided. When two particles approach in a solution within free
micelles of CTAB, hydrocarbon chains leave the gap, generating a local region with
almost pure solvent. The osmotic pressure in the fluid surrounding the particle pair
exceeds that between the particles and may force the particles together (Furusawa et al.,
2002).
Table 4.8 shows the turbidity of different nano-SiO2/CTAB/water systems. As
the 2100N-IS Turbidimeter can not measure the turbidity more than 1000 NTU, “-” was
used to stand for values higher than 1000 NTU. For all of the samples, the turbidity of
the solution increased as soon as the CTAB was added, but only for some of them, the
ones that could give efficient aggregation and sedimentation, the turbidity subsequently
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decreased below the original turbidity of the 30R50 suspensions. For example, the
sample 30R50 (0.15%) with CTAB 0.1 mmol·L−1 lost more than 95.7% of turbidity when
compared with the original value (171 NTU). Moreover, these better aggregate samples
can also reach their final turbidity in a short time, but the samples without efficient
aggregations have to wait about 2 weeks to get their final and relatively stable turbidity.
Table 4.8: The turbidity (NTU) of 30R50 with different concentrations of CTAB
M(CTAB) (mmol·L−1) 0.05% 0.15% 0.51%
0 61.9 171 542
0.01 78.6 464 757
0.1 2.1 7.4 703
1 23.3 84.7 80.3
10 250 491 −
100 88.3 274 −
Nanotrac is further used to analyze size distributions in the supernatant liquid of the
nano-SiO2/CTAB/water systems after aggregation and sedimentation, and the results
are presented in fig. 4.30. The 30R50 (0.15%) with 0.1 mmol·L−1 CTAB has not enough
signal to give a correct analysis, which means few particles remaining in the solution.
The size distribution of 30R50 (0.15%) with CTAB 0.01 and 1 mmol·L−1 are almost the
same as the size distribution of 30R50 (0.15%).
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Figure 4.30: Size distribution in the upper layer of the 30R50 (0.15%) at different con-
centrations of CTAB (mmol·L−1) analysed by Nanotrac
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4.2.2 Aggregation of 30R25 with CTAB
The aggregation behavior of 30R25 0.15% with different concentrations of CTAB is ex-
plored to compare with 30R50. Table 4.9 gives the properties of 30R25 0.15% with CTAB,
from which M(CTAB)=0.01, 0.1, 1, 10 and 100 mmol·L−1 corresponding to |ζ| ≥ 30 mV
would stabilize 30R25 nanoparticles according to DLVO theory.
Table 4.9: The properties of 30R25 0.15% with different quantities of CTAB
M(CTAB) (mmol·L−1) 0.01 0.1 0.2 0.4 0.6 0.8 1 10 100
Zeta potential (mV) −34.3 −30.0 −5.6 3.4 25.0 27.9 30.8 47.7 47.7
pH 8.81 7.44 6.42 6.20 5.83 5.48 5.33 4.82 4.72
However, from fig. 4.31 and 4.32, all of these samples form aggregates. Nearly no nanopar-
ticles remain in the suspensions after aggregation and sedimentation except in the one
with M(CTAB)=100 mmol·L−1. This phenomenon can not be explained neither by charge
neutralization nor by depletion flocculation, because the aggregates exist at CTAB con-
centrations less than the CMC. Nevertheless, as the particle size is about 30 nm, the
aggregation by hydrophobic chains interaction between surfactant hydrocarbon tails is
more likely to happen. Indeed, when the separation distance between particles is about 8
nm, the total interaction energy for 30R25 nanoparticles is almost 0 from DLVO predic-
tion in fig. 4.21; while for 30R50 nanoparticles at the same separation distance, there is
still a small barrier between them. Since the CTAB molecule size is 2 ∼ 4 nm, when two
particles adsorbed CTAB close to each other, the maximum interaction distance of the
hydrophobic chains may reach 8 nm, which is probable to aggregate 30R25 nanoparticles.
Fig. 4.33 is a possible schema of the 30R25 0.15% aggregation.
As the concentration of CTAB increases, the Klebosol 30R25 would undergo four steps
as shown in fig. 4.33. When a little quantity of CTAB is adsorbed on the silica surface,
the repulsion between negatively charged surface reduces, but it may not be enough to
destabilize the suspension (step 1). When increasing the quantity of CTAB, the negative
surface charge of 30R25 could further reduce. The aggregation may occur even before
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Figure 4.31: Size distribution of the 30R25 (0.15%) at different concentration of CTAB
(0.01 ∼ 0.6 mmol·L−1) analysed by Mastersizer 2000
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Figure 4.32: Size distribution of the 30R25 (0.15%) at different concentration of CTAB
(0.8 ∼ 100 mmol·L−1) analysed by Mastersizer 2000
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Figure 4.33: Possible simplified schema of CTAB on SiO2/water interface, counterions
Br− are omitted, repective lenght scales of nanoparticles and CTAB chains are changed
for clarity
complete charge neutralization, owing to hydrophobic interaction of CTAB (step 2). By
continuously increasing the quantity of CTAB, the silica surface would be neutralized,
even altered to be positive, and the hydrophobic interaction could still act on the ag-
gregation (step 3). Lastly, when the CTAB concentration is high enough, a bilayer or
multilayer of CTAB could envelop the particle surface and thus restabilize the nanosilica
suspension.
4.3 Conclusion
This chapter has presented the aggregation of silica nanoparticles by AlCl3 and CTAB.
Charge neutralization seems to be the prominent mechanism for both cationic ions and
surfactant aggregation, but sweep flocculation based on the precipitation of Al(OH)3,
depletion flocculation, and hydrophobic interaction of CTAB hydrocarbon tails could
all contribute to the aggregation. The silica surface properties could also be of great
importance, since a possible hairy layer might be formed and then may increase the
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energy barrier for particles attachment.
Through the aggregation study of silica nanoparticles by AlCl3 and CTAB, large
aggregates can be obtained and further removed by sedimentation. In some cases, the
turbidity removal can reach more than 99%. However, this process usually takes a long
time, especially for the aggregation by AlCl3 (> 2 weeks). Flotation process that may be
faster and more environmentally friendly (if the quantities of additives could be largely re-
duced for the same separation efficency) is then chosen as our intended separation process.
The kinetics study would be helpful to not only better understand the aggrega-
tion, but also to select operation parameters for the flotation. For this purpose, the
CCC study of silica nanoparticles is investigated by adding different concentrations of
AlCl3. Particle concentrations seem to have a linear relation with their CCC values.
Higher particle concentrations which correspond to more particles in suspensions require
more cations to neutralize, and then would result in higher CCC. However, for different
concentrations of nanosilica (0.15%, 1.5% and 5.1%), the rates of change in size in the
diffusion-limited regime (kfast) are nearly the same.
The comparison of the CCC values between 30R50 and 30R25 at the same con-
centration (1.5%) is also reported. Although the DLVO theory predicts the smaller
the particle size, the more susceptible to aggregate, the experimental results are
different from the prediction. As described above, the surface properties have to
be taken into consideration when particles dimension is in the nano range. Larger
surface area for 30R25 would bring more negatively charged groups on its surface than
30R50. Thus the premiss of the DLVO theory in fig. 4.21 is no more correct. Never-
theless, the rates of change in size kfast of 30R25 is almost twice as high as kfast of 30R50.
The aggregation of nanosilica from CTAB, on the other hand, may combine the
charge neutralization effect and hydrophobic effect (bridging effect). The latter seems to
be more likely to work for 30R25. However, each aggregation mechanism proposed in
this work such as the hydrophobic effect for 30R25 with CTAB, and the sweep effect for
30R25 with Al(OH)3 is just hypothetical. A further study is required to confirm them,
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but our results could have already provided some key information.
Dans ce chapitre, l’agre´gation de nanoparticules de silice par l’ajout de chlorure
d’aluminium (AlCl3) et du tensio-actif CTAB a e´te´ examine´e. La neutralisation des
charges de surface semble eˆtre le me´canisme pre´dominant dans les deux cas, mais il est
fort probable que d’autres me´canismes interviennent e´galement, comme la floculation
par entrainement due a` la pre´cipitation de Al(OH)3, la floculation par de´ple´tion, et celle
par interaction hydrophobe entre les chaˆınes carbone´es du CTAB. Les proprie´te´s de
surface de la silice peuvent e´galement jouer un roˆle important, parce qu’il est possible
d’y trouver une couche “he´risse´e” qui augmente la barrie`re e´nerge´tique interparticulaire.
L’agre´gation par ajouts d’AlCl3 et de CTAB peut produire des agre´gats de taille
suffisante pour se´dimenter. Dans des conditions optimales, l’abattement de turbidite´
peut ainsi atteindre plus de 99%. Toutefois, pour en arriver a` cette performance, le
proce´de´ ne´cessite un temps relativement long, en particulier pour l’agre´gation par AlCl3
(> 2 semaines). On peut espe´rer que par flottation, cette performance soit atteinte plus
rapidement et plus “e´cologiquement” (si la quantite´ d’additifs pouvait eˆtre largement
re´duite pour la meˆme efficacite´!).
L’e´tude des cine´tiques d’agre´gation a permis de mieux cerner l’agre´gation, et ren-
dra e´galement service pour de´terminer les meilleurs parame`tres de flottation. La
concentration critique de coagulation (CCC) a e´te´ de´termine´e par l’ajout de diffe´rentes
quantite´s d’AlCl3. Il semble que la CCC augmente avec la concentration de nanopar-
ticules. Une concentration plus importante en particules ne´cessite plus de cations pour
eˆtre neutralise´e, et ainsi conduit a` une CCC plus e´leve´e. Cependant, pour diffe´rentes
concentrations de nanosilice (0.15%, 1.5% et 5.1%), les vitesses de variation de la taille
dans le re´gime limite´ par la diffusion (kfast) sont presque identiques.
Nous avons aussi compare´ les valeurs de CCC des nanosilices 30R50 et 30R25 a` la meˆme
concentration (1.5%). Meˆme si la the´orie DLVO pre´dit que les particules de petite taille
sont plus faciles a` agre´ger, les re´sultats expe´rimentaux montrent des CCC quasiment
identiques. Les proprie´te´s de surface de la silice doivent eˆtre prises en compte quand les
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particules sont a` l’e´chelle nanome´trique. La plus grande surface de´veloppe´e par 30R25
doit porter plus de groupements de surface charge´s ne´gativement que celle du 30R50.
Ainsi, les pre´suppose´s de la the´orie DLVO pre´sente´s sur la fig. 4.21 ne sont plus suffisants.
D’autre part, l’agre´gation de la nanosilice par le CTAB pourrait combiner l’effet
de la neutralisation des charges de surface et celui d’interaction hydrophobe (avec pon-
tage). Ce dernier pourrait avoir plus d’effet dans le cas de la silice 30R25. Cependant,
chaque me´canisme d’agre´gation propose´ dans ce chapitre comme l’effet hydrophobe
pour expliquer le comportement de la silice 30R25 avec le CTAB, et la floculation par
entrainement pour 30R25 avec Al(OH)3 est juste une proposition. Cette e´tude devrait
eˆtre comple´te´e pour affirmer ces me´canismes, meˆme si nous avons amene´ quelques
e´le´ments.
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L’objectif de ce travail e´tait de mettre au point une technique de se´paration de nanopar-
ticules de milieux liquides. Cet objectif e´tait tre`s large et ambitieux, certainement
impre´cis. Ce travail a permis d’effectuer un bout du chemin: il est clair que, parmi les
essais effectue´s, il a e´te´ possible de trouver des conditions amenant a` une diminution de
plus de 99% de la turbidite´ de suspensions de nanoparticules de silice par coagulation
et se´dimentation, ce qui doit eˆtre vu comme un succe`s. Toutefois, ce re´sultat n’a pas
e´te´ obtenu par flottation comme souhaite´, ce qui fait qu’il s’agit d’un succe`s relatif et
modeste. Toutefois, l’ensemble de l’e´tude a permis d’avancer sur de nombreux points.
Tout d’abord, l’e´tude bibliographique a montre´ l’e´tendue potentielle du proble`me
environnemental et de salubrite´ publique, et a de´gage´ une proble´matique industrielle
imme´diate, celle du rejet de nanosilice par les ateliers de polissage physique et chimique
lie´s a` l’industrie e´lectronique. La nanosilice a ainsi e´te´ choisie comme candidate pour
de´velopper des e´tudes de mise au point de techniques de se´paration. Des essais ayant e´te´
re´alise´s dans d’autres laboratoires a` Taiwan, et en s’appuyant sur l’expe´rience ante´rieure
du laboratoire, la voie de la se´paration par flottation a e´te´ choisie. A ces deux arguments,
s’ajoutait l’espoir ne´ de l’analyse de la litte´rature de mettre au point une installation de
se´paration par flottation sans additifs, donc force´ment plus “e´cologique” que les proce´de´s
(coagulation, flottation classique, ...) qui ne´cessitent de grandes quantite´s de produits
chimiques.
Le de´marrage de cette ope´ration de recherche a ne´cessite´ l’acquisition de savoir-
faire sur l’analyse physicochimique de suspensions de nanoparticules. A l’issu de ce
travail, des me´thodes de mesure de la taille ont e´te´ valide´es, analyse´es et seront mieux
maitrise´es par la suite, en particulier l’analyse de type DLS (Dynamic Light Scattering).
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Nous avons montre´ qu’il e´tait plus sage d’utiliser plusieurs me´thodes pour caracte´riser la
taille de ces nano-objets en suspension (combinaison DLS et TEM-Microscopie Electron-
ique a` Transmission). La mesure de la turbidite´ des suspensions de nanoparticules a pu
eˆtre directement relie´e a` la concentration en nanoparticules, avec une variation line´aire
en e´chelle logarithmique sur une gamme de concentration tre`s large. Toutefois, il est
clair que cette mesure de turbidite´ ne peut plus eˆtre utilise´e dans cet objectif de`s qu’il y
a agre´gation, mais que, dans ce cas, des valeurs tre`s e´leve´es de la turbidite´ alertent sur
son apparition.
Dans le chapitre 3, nous avons reporte´ des essais de flottation, mene´s dans quatre
se´ries de conditions diffe´rentes: sans additif, en pre´sence de AlCl3, en pre´sence de CTAB,
et en tentant de modifier la charge de surface des bulles. Ces essais ont e´te´ mene´s
dans une installation classique de test de flottation. Ils ne sont pas tre`s concluants. La
flottation a pu eˆtre observe´e, mais uniquement quand l’additif (le CTAB) a conduit a`
la cre´ation de flocs qui ont, eux, e´te´ flotte´s. Cela ne veut pas dire qu’il soit ne´cessaire
d’abandonner de´finitivement l’ide´e de flotter les nanoparticules. En effet, quelques
calculs simples, comme celui du volume d’air ne´cessaire a` la flottation de l’ensemble des
nanoparticules en suspension dans le test en supposant qu’elles recouvrent la totalite´
de la surface des bulles, ont montre´ que les conditions des tests (discontinus, avec des
volumes fixe´s) n’e´taient pas favorables a` la re´ussite de ces expe´riences. Une nouvelle
installation a e´te´ imagine´e, de´veloppe´e et construite. Elle permettra des essais diffe´rents
dans la suite de cette e´tude, en continu, sur des quantite´s plus re´duites de suspensions.
Il s’agit d’une perspective majeure de ce travail, qui se de´roulera dans le cadre du
projet ANR NANOSEP, avec des nanoparticules de silice, mais aussi de dioxyde de
titane (TiO2), d’oxyde de ce´sium (Cs2O), et de nanotubes de carbone. Dans le meˆme
cadre, des simulations de´marrent actuellement a` l’Institut de Me´canique des Fluides
de Toulouse, pour, d’une part de´velopper des mode`les d’efficacite´ de capture dans le
cas de nanoparticules, dans la ligne´e de ceux de´veloppe´s pour les microparticules, et,
d’autre part, pour repre´senter le fonctionnement de la cellule de flottation qui a e´te´
construite, dans l’ide´e d’optimiser ces dimensions et parame`tres de fonctionnement.
Notons qu’il serait aussi inte´ressant de tester sur des suspensions de nanoparticules
la nouvelle me´thode de mesure de l’efficacite´ de capture mise au point dans le cadre
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de la collaboration LISBP-IMFT pour des microparticules. Cette technique consiste
a` de´duire cette efficacite´ de la mesure du ralentissement des bulles en ascension
dans la suspension. Les re´sultats des tests avec additifs ont montre´ que l’interaction
entre l’he´te´rocoagulation (flottation) et l’homocoagulation e´taient tre`s importants, nous
amenant a` e´tudier se´pare´ment la coagulation, dans l’objectif de mieux anticiper des essais
ulte´rieurs de flottation, mais aussi de tester la se´paration par agre´gation et se´dimentation.
Cette e´tude a fait l’objet du chapitre 4, avec successivement la coagulation sous
l’effet d’AlCl3, puis du CTAB. Pour les essais avec AlCl3, des mesures cine´tiques de
de´but de coagulation ont e´te´ e´galement mene´es. Les re´sultats ne sont pas repris ici, car
ils viennent juste d’eˆtre pre´sente´s dans la conclusion du chapitre 4. Les re´sultats ont
mis en e´vidence des me´canismes de coagulation complexes, difficiles a` analyser, meˆme
en utilisant les connaissances de la litte´rature, car la taille des particules joue un roˆle et
intervient dans l’analyse. Pour chaque phe´nome`ne observe´, un me´canisme a e´te´ propose´,
en essayant de relier les observations a` la mode´lisation des me´canismes d’agre´gation dans
les rares cas ou` cela est possible. Du point de vue du proce´de´ de se´paration, comme
de´ja` dit en de´but de conclusion, la coagulation, suivie d’une se´dimentation, permet de
se´parer les nanoparticules de silice avec une efficacite´ remarquable. Mais cela ne peut
se faire qu’avec une quantite´ non ne´gligeable de coagulant, et en ge´ne´rant aussi des
boues. Ce proce´de´ pourrait eˆtre utilise´ si aucun autre n’est disponible ou au point.
C’est la voie choisie par un des partenaires du projet NANOSEP (BRGM, Orle´ans). En
paralle`le sont mene´es au LISBP des essais de filtration membranaire qui donnent aussi
de bons re´sultats de se´paration. Une perspective du travail pourrait eˆtre de coupler la
flottation comme technique de pre´traitement a` une se´paration membranaire, avec l’ide´e
de diminuer le colmatage des membranes, donc le couˆt final de l’ope´ration. Des tests
de ce type pourront eˆtre mene´s avec l’installation de flottation brie`vement pre´sente´e au
chapitre 3, couple´e a` une se´paration par membrane qui est e´galement en place sur le
meˆme banc d’essais.
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Appendix A
The representation of the stability
ratio (W )
For particules with a diameter d0 and a volume V0, if two of them aggregate as one larger
particule (2d0, 2V0) as shown in fig. A.1, the average size of these particules (d) could be
presented as:
d = n0d0 + (1− n0)(2d0) = 2d0 − n0d0 (A.1)
in which n0 and n1 are the number percentages of the particles with different sizes.
Figure A.1: The schematic of aggregation for two particules
From eq. A.1, considering two extreme cases: the time of aggregation t=0 and t=∞
when
t = 0 =⇒ n0 = 1, d = d0
t =∞ =⇒ n0 = 0, d = 2d0
Appendix A. The representation of the stability ratio (W )
These two extreme cases are consistent with the hypothesis of eq. A.1.
The differential coefficients of eq. A.1 are:
∂d
∂t
= k = −d0∂n0
∂t
(A.2)
∂n0
∂t
= −βn20 =
1
d0
∂d
∂t
(A.3)
Take eq. A.3 into eq. A.2, there is:
∂d
∂t
= βn20d0 = k (A.4)
From eq. A.4,
kfast
k
=
βfastn
2
0d0
βn20d0
(A.5)
so
kfast
k
=
βfast
β
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